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         Though the scientific study of stress is relatively new, not even one hundred years old,  
there has been robust inquiry and discovery in stress research since its instantiation.  Yet, many 
unanswered questions remain on how specific stressors impact the mind, brain and body.  Social 
threat is a pervasive form of stress for species that are organized in social hierarchies, like humans 
and some animals.  Social evaluative threat (SET), occurring when there is potential for negative 
evaluation or rejection from others, is a pervasive and important form of stress in humans having 
many links to stress-related physiological outcomes which in turn have important implications for 
health outcomes.  The brain is a critical component in the mind-brain-body-health connection, but 
less is known about SET at the neural level.   
Here in this thesis, there are three studies that characterize the neural circuitry that responds 
to SET. Using a novel imaging technique, arterial spin labeling, Study 1 asks whether SET-related 
brain circuitry is modulated by a SET-related trait level vulnerability, Fear of Negative Evaluation 
(FNE). Overall, Study 1 replicated previous work by showing SET-related reactivity in the left 
pregenual anterior cingulate cortex, right ventromedial prefrontal cortex (vMPFC) and medial 
periaqueductal gray and extended previous work by showing that changes in the left vMPFC and 
the right thalamus were predicted by FNE. Using blood oxygenation level-dependent imaging 
(BOLD), Study 2 asks whether SET influences the brain circuitry on which the formation of 
relational episodic memory relies.  With the use of mediation analysis, it was found that SET 
impaired relational episodic memory, and that the impairment was a function of activity in the right 
parahippocampal cortex and bilateral vMPFC. Using BOLD imaging, Study 3 asks whether SET 
 
influences the brain circuitry that subserves working memory (WM).   With the use of mediation 
analysis, it was found that SET impaired WM, and that the impairment was a function of activity in 
bilateral intraparietal sulcus.  Links between mind, brain, body and health are discussed throughout 
this work.  
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The scientific study of stress began in 1936 with the endocrinologist, Hans Selye, at McGill 
University in Montreal, Quebec.  There, Selye made a serendipitous discovery:  poorly handled lab 
rats, whether from the control or experimental group of a study designed for another purpose, 
showed signs of ill health in the form of peptic ulcers, adrenal enlargement and atrophy of immune 
tissues (Selye, 1956; Sapolsky, 1994).   After this observation and after conducting follow-up 
experiments, Selye concluded that the culprit responsible for the poor health outcomes was stress, a 
term that he defined as a “general unpleasantness”.   In the first half of the 20th century, other 
important observations had been made, precursors to the study of stress.  For instance, Walter 
Cannon introduced the concept of homeostasis, the idea that the body works to maintain optimal 
physiological set points, and he characterized the “fight or flight” response.  These examples 
indicate that stress impacts health, body and mind, all enormously important aspects of human life.   
Given its importance, stress has inspired much scientific inquiry and discovery since those 
seminal observations.  Today, the term, stress response, is used to refer to the changes in the brain 
and body that take place in order to adapt to an anticipated or experienced homeostatic challenge. 
 The term, stressor, refers to any psychological or environmental demand that serves to initiate the 
stress response.  A forefront in stress research is the characterization of the stress response to 
specific stressors, one of which is social evaluative threat (SET).  Another forefront is to 
understand how the stress response operates at the level of the brain using functional magnetic 
resonance imaging (fMRI).  In a uniting of these two forefronts, this thesis serves to characterize 
SET at the level of the brain, specifically characterizing patterns of brain activity that relate to 
individual differences in the generation of the stress response, as well as patterns of brain activity 




Central Mechanisms of Stress – the Mind-Brain-Body Connection 
The role of the brain in stress is multi-faceted.  Various brain circuits are central to the 
detection of a stressor as well as to controlling the stress response including those that support: 1) 
emotion and emotion regulation 2) the regulation of the hypothalamo-pituitary-adrenal (HPA) axis, 
a primary mediator of the stress response 3) the regulation of the autonomic nervous system 
including cardiovascular reactivity and 4) additional cognitive processes such as working and 
episodic memory, attentional control and decision making.  Interestingly, regions among circuits 
can overlap. For example, regions that have been implicated in the generation and regulation of 
emotion, such as the medial prefrontal cortex (MPFC), anterior cingulate cortex (ACC), 
periaqueductal gray (PAG), hypothalamus and amygdala (Kober et al., 2008), have also been 
linked to the regulation of the HPA axis (Herman et al., 2003) and cardiovascular reactivity 
(Wager et al., 2009a;2009b). More work is needed on characterizing the responses of these circuits 
during experiential stress and how these responses influences behavior. 
 
Role of the HPA Axis 
Role of Cortisol in the Brain and Body.  The HPA axis activates when stress is detected by the 
brain, with the final step of activation being the release of the steroidal hormone, cortisol, into the 
bloodstream.  Cortisol impacts a number of processes by binding to glucocorticoid receptors (GRs) 
in several regions of the brain and body.  The general action of cortisol is to shift energy away 
from restorative bodily functions to those that are required to regain homeostasis.  For example, 
cortisol stimulates the liver to produce glucose, increases cardiovascular tone and suppresses 
growth, reproduction and immunity (Herman et al., 2003). 
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Upon entry into the brain, cortisol crosses the blood-brain barrier, and binds to GRs in 
areas such as the frontal and temporal cortices, hippocampus, amygdala and ventral tegmental area 
(VTA).  The hippocampus and the prefrontal cortex (PFC) are thought to be particularly sensitive 
to glucocorticoids.  Many GRs are found in these regions relative to the rest of the brain (Sarrieau 
et al., 1988; Seckl et al. 1991); there is a high affinity for glucocorticoids in these regions (Sousa et 
al. 1989; Diorio et al., 1993); and receptor binding in these regions forms part of a negative 
feedback loop, one that leads to a shut down of HPA axis activation (Diorio et al., 1993; Murros et 
al., 1993; McEwen, 2007).  Another type of cortisol-binding receptor is the mineralocorticoid 
receptor (MR), also expressed in several regions of the brain, with a primary concentration in the 
hippocampus. MRs show high affinity for cortisol, greater than that of GRs, and are thought to set 
a tonic tone in the brain (de Kloet et al., 1998).  
Regulation of the HPA Axis.  Activation of the HPA axis initiates with neurons of the medial 
parvocellular division in the paraventricular nucleus (PVN) of the hypothalamus.  These neurons 
trigger the release of corticotropin releasing hormone (CRH), arginine vasopressin and other 
peptides and neurotransmitters (also known as corticotropes).  These agents stimulate the release of 
adrenocorticotropin hormone (ACTH) from the pituitary into the bloodstream where it in turn 
triggers the cortex of the adrenal gland to release cortisol.  (Herman et al., 2003).  Interestingly, 
through neuronal signaling, receptors of the adrenal cortex are made to be more sensitive to 
ACTH, also facilitating cortisol release (Vinson et al., 1994; Herman et al., 2003).  
Herman et al. (2003) describe HPA stress responses as either reactive or anticipatory.  
Reactive responses are based on physiological input where visceral, somatic and circumventricular 
sensory pathways monitor levels of important homeostatic signals such as pain, glucose and 
inflammation. Regions along these pathways include:  the nucleus of the solitary tract, raphe 
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nuclei, subfornical organ/lamina terminalis system, hypothalamic nuclei, bed nucleus of the stria 
terminalis (BST) and thalamus.  Direct connections exist between these pathways and the PVN.   
Anticipatory responses are based on cognitive and affective processes such as memory and coping.  
Regions on which these processes rely, including the amygdala, hippocampus and PFC, are 
connected to the PVN indirectly, with one major intermediary region being the BST.  Given the 
mapping of these anatomical connections, it may be that physiological changes are detected more 
quickly by the PVN than psychological ones. 
Regulation of the HPA axis involves both positive and negative feedback loops.  The 
hippocampus plays a critical role in the negative feedback loop.  It is densely rich in GRs, and 
increases in cortisol serve to shut off the HPA response.   Genetics, early life experiences including 
maternal care, and personality are all thought to influence HPA regulation and reactivity (Herman 
et al., 2003; de Kloet et al., 2005; Chrousos et al., 2009). 
  
Cardiac Control 
  The brain also controls stress-related changes in heart rate and blood pressure, with the 
anterior cingulate cortex and the periaqueductal gray appearing to play key roles.  The roles of 
these regions and others in stress and cardiac control will be discussed in detail in Chapter 2. 
 
SET is a Specific Form of Stress 
 Today it is widely agreed upon that the mind, brain and body respond preferentially to  
different forms of stress, both physical and psychological, as opposed to being nonspecific 
(Herman et al., 2003; Dickerson & Kemeny, 2004).  SET is one psychological form that involves 
the possibility for negative evaluation or rejection by others.  According to the Social Self 
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Preservation Theory (Dickerson et al., 2004a), individuals have a goal to preserve the social self in 
the form of maintaining self esteem, social acceptance or social status, much like individuals have 
a goal to protect the physical self (e.g. most individuals, other than trained emergency personnel, 
will leave a building if there is a fire).  When the social self is threatened, or when the individual 
perceives the self as being threatened/when the individual appraises the situation to be threatening, 
emotions and potentially negative self-evaluations result and these trigger physiological responses.  
The idea is that the mind and body in concert mobilize energy resources to protect the social self or 
to regain what has been potentially lost. Social standing is indeed important to a social species:  it 
can determine the number of resources of an individual; it carries positive hedonic value 
(Dickerson & Kemeny, 2004); and it can determine quality of health (Adler et al., 1994; Sapolsky, 
2005).     Indeed, basal cortisol levels relate negatively to social status in wild baboons (Sapolsky et 
al., 1993); social support links to SET-related cortisol reactivity (Eisenberger et al., 2007); and 
social status along an SES gradient relates positively to health when factors such as income, access 
to healthcare and education are controlled, suggesting that social standing plays a major role in 
stress responses and health (Adler et al., 1994; Kelly et al., 1997; Dohrenwend, 2000; Marmot, 
2004; McEwen & Gianaros, 2010). The negative evaluative nature of the threat is also critical.  
Subjects who receive positive feedback in a threatening situation do not show the same level of 
stress (cardiac) reactivity as those who receive negative feedback (Kassam et al., 2009), and 
subjects who do not undergo evaluation do not show the same level of stress reactivity as those 
who do (Dickerson et al., 2004b; 2009).     
In the laboratory, SET has been implemented in several studies with the Trier Social Stress 
Test (TSST) (Kirschbaum et al., 1993).  Details of this paradigm will be described in detail in the 
chapters that follow.  In brief, the paradigm involves asking the subject to give an extemporaneous 
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speech on a self-relevant topic to a panel of two confederates who are there ostensibly to evaluate 
the subject.  The panelists interact with the subject by providing intermittent non-positive, verbal 
feedback.  The social threat is enhanced by the presence of an obtrusive video camera.  Following 
the delivery of the speech, subjects are asked to complete a verbal serial subtraction task that is 
evaluated by the panelists.  The TSST includes three elements of psychological stress that when 
combined, meta-analysis has shown to produce the most HPA axis reactivity relative to other 
elements of psychological stress.  These elements include:  public speaking, motivated 
performance and uncontrollability (Dickerson & Kemeny, 2004).  SET induces changes in stress-
related peripheral physiological markers including cortisol (Dickerson & Kemeny, 2004); heart 
rate (Wager et al., 2009a;2009b); alpha amylase, an enzyme that is considered a marker for activity 
of the sympathetic nervous system (Schoofs et al., 2008); and inflammation (Dickerson et al., 
2009).  
 
Purpose of the Thesis 
        This thesis seeks to answer three important questions about SET and the brain.  In Chapter 2 
(Study 1), the neural response to SET is characterized as a function of an individual differences 
measure, Fear of Negative Evaluation (FNE) (Leary, 1983).  Chapters 3 (Study 2) and 4 (Study 3) 
explore the effect of SET on memory-related neurocircuitry.  Specifically, Chapter 3 is concerned 












Chapter 2:  
 
 






A growing body of research has elucidated the neural drivers of physiological responses to 
social stressors, but relatively little is known about how individual differences in sensitivity to 
social threat influence these systems.  Our aim here was to replicate previous findings that the 
medial prefrontal cortex and periaqueductal gray (PAG) are important for human social threat, and 
to test whether responses in these regions are stronger in individuals high in Fear of Negative 
Evaluation (FNE).  We collected perfusion imaging data with Continuous Arterial Spin Labeling 
(CASL, N = 18) during a social evaluative threat (SET) challenge involving public speech 
preparation.  Replicating previous work, we found increased cerebral blood flow (CBF) in the 
pregenual anterior cingulate cortex (pgACC), thalamus, and periaqueductal gray (PAG), and 
decreased CBF in the right ventromedial prefrontal cortex (vMPFC).   FNE correlated negatively 
with activity in the vMPFC and thalamus.  These findings may reflect a larger deactivation of 
vMPFC, or elevated levels of baseline activity in high-FNE participants, which may be a marker of 
suboptimal stress responses. Using a new imaging modality with reduced susceptibility artifacts 
and signal blurring (perfusion), this work confirms that (a) different MPFC subregions play 
opposite roles in responses to SET and (b) the MPFC and PAG are important regions in responses 







Numerous studies have established important links between psychological stress and health 
outcomes. Chronic stress produces adverse effects on the common cold (Cohen et al., 1991); 
schizophrenia (Nuechterlein & Dawson, 1984). diabetes (McEwen, 1998), cancer (Reiche et al., 
2004); aging (Epel et al., 2004); asthma (Liu et al., 2002); wound healing (Kiecolt-Glaser et al., 
1995) and infectious disease, including tuberculosis (Glaser et al., 1999); herpes (Cohen et al., 
1999) and HIV (Motivala et al., 2003).  Cardiac reactivity to acute stress, such as cold pressor, 
public speaking and motivated performance, predicts hypertension later in life (Matthews et al., 
2004, for review see Krantz & Manuck, 1984; Treiber et al., 2003), and patients with coronary 
artery disease who demonstrate cardiac abnormalities under stress show increased mortality five 
years later (Sheps et al., 2002).   
The relationship between stressors and health outcomes may be mediated by a number of 
variables that are difficult to fully control, including diet, exercise, and medication adherence; 
nevertheless, it is likely that a substantial portion of the relationship is driven by the brain 
(McEwen, 2000; 2007; 2008; 2009). Memories about the past, prospections about the future, and 
appraisals of social standing and potential threat are generated in the brain and can influence the 
body via autonomic, endocrine and immunologic pathways (Johnson et al., 1992; Reiche et al., 
2004).  The need to establish the role of the brain (and cognitive appraisal in particular) in health 
motivates studies that directly assess the effects of stressors on brain activity and links to ensuing 
changes in peripheral physiology.  
Recent studies on stress-induced changes in blood pressure reactivity have implicated a 
brain circuit that includes both cortical, sub-cortical and brain-stem regions including the pregenual 
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anterior cingulate cortex (pgACC), medial prefrontal cortex (MPFC), insula, amygdala, cerebellum 
and pons (Critchley et al., 2003; Gianaros et al., 2009). Also, stress-induced changes in heart rate 
have been linked to increases in the rostral/dorsal ACC (rdACC)-pgACC and periaqueductal gray 
(PAG), as well as decreases in the ventral MPFC (vMPFC) (Wager et al., 2009a;2009b).  Increases 
in activation may reflect increases in sympathetic nervous system activity while decreases in 
activation may reflect decreases in parasympathetic activity (Wager et al., 2009b).  Stress-induced 
cortisol reactivity has been linked positively to activity in the rdACC (Wang et al., 2005a; 
Eisenberger et al., 2007), right ventral PFC (Wang et al., 2005a), precuneus (Wang et al., 2005a), 
bilateral angular gyrus/inferior parietal cortex (Wang et al., 2005a), and amygdala (Taylor et al., 
2008).  Finally, the MPFC relates positively to pharmacologically induced and stress-related 
increases in immune system markers, Interleukin (IL)-6 (Eisenberger et al., 2009), IL-1β 
(O’Connor et al., 2009), Tumor Necrosis Factor (TNF)-α (as measured by soluble TNF receptor II 
(sTNFrII)) (O’Connor et al., 2009) and natural killer (NK) cells (Ohira et al., 2009). 
A potent form of psychological stress is social evaluative threat (SET).  SET involves 
situations where negative evaluation or rejection may take place by others (Dickerson & Kemeny, 
2004), and physiological reactivity to SET has been demonstrated (Dickerson & Kemeny, 2004; 
Dickerson et al., 2009).  A central component of SET is negative self-evaluation which occurs after 
a negative social evaluation has been perceived or detected. Negative self-evaluation in turn is 
thought to elicit feelings of shame and other shame-related negative feelings (Dickerson et al., 
2004a).  
Fear of Negative Evaluation (FNE) is a relevant individual difference in the study of SET.  
It is a trait level vulnerability of an individual to feel apprehensive at the prospect of being 
evaluated negatively by others (Watson & Friend, 1969). Those high in FNE tend to avoid social 
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comparison information that is potentially threatening (Friend & Gilbert, 1973), tend to work 
harder at a boring task when being judged by others (Watson & Friend, 1969), and report feeling 
worse when judged poorly by others (Smith & Sarason, 1975).  At the physiological level, FNE 
has been linked to SET-related cortisol reactivity (Kemeny, M., personal communication).   The 
influence of this trait-level vulnerability on SET related neurocircuitry has not yet been 
characterized.  
In the current study, we test the hypothesis that the brain-circuitry that coordinates 
physiological reactivity during SET is modulated by FNE.  We focused specifically on a priori 
regions of the MPFC, rostral ACC (rdACC, pgACC, sgACC), thalamus, and PAG based on 
previous physiological work (Critchley et al., 2003; Eisenberger et al., 2007; Wager et al., 
2009a;2009b). We expect to find greater increases in pgACC and PAG activity and less decrease 
in the vMPFC in response to SET as a function FNE.  We recruited healthy participants who 
ranged in FNE, and scanned them over baseline periods and during SET using arterial spin labeling 
(ASL), a perfusion fMRI technique.  
We opted for ASL over BOLD for several reasons. First, ASL does not suffer from drift 
effects and it is a stable measure, rendering it ideal for the measurement of slow-state, or low 
frequency psychological changes, such as stress and emotion, and for the comparison of non-
consecutive blocks of time (Borogovac et al., 2010).   Second, the ASL signal does not depend on 
susceptibility effects and therefore can be applied using spin echo techniques, which are less 
vulnerable to susceptibility artifacts thus facilitating the analysis and localization of the ventral 
PFC and subcortex, ROIs of interest in this study. Third, in contrast to the BOLD signal, which is 
expressed as a % change unit, the ASL signal is an absolute measure, which allows for comparison 






Participants.  Eighteen healthy participants (mean age = 22.9, sd. = 3.2, 9 female) were recruited 
into the study.   All participants were screened for psychiatric, neurological, endocrine and immune 
system disorders as well as for the current use of psychotropic, steroidal and antiviral medication.  
All female participants were tested during the luteal phase of the menstrual cycle in order to 
control for variations in reactivity of the hypothalamo-pituitary-adrenal (HPA) throughout the 
menstrual cycle (Kirschbaum et al., 1999; Childs et al., 2010).  The cortisol data from one 
participant were excluded from analysis due to abnormally high levels.   
Prior to the imaging session, participants were asked to refrain from behaviors known to 
impact the HPA axis.  Specifically, 48 hours prior to the imaging session, participants were asked 
to refrain from alcohol, smoking and heavy exercise.  Two hours prior to the imaging session, 
participants were asked to refrain from a heavy meal, caffeine and exercise of any type.  Also, 
participants were asked to get a normal night’s sleep the night before. Compliance with these 
restrictions was confirmed upon arrival at the imaging center. Participants received $12 per hour 
for any portion of the study that involved behavioral testing and $25 per hour for any portion that 
involved imaging.  All study procedures were approved by the IRB of Columbia University and 
were in accordance with the Declaration of Helsinki.  Participants provided written informed 
consent prior to the start of the study. 
Study Procedure. All scanning sessions were conducted in the afternoon in order to control for 
diurnal variations of cortisol.   The Brief-FNE Scale (Leary, 1983) and the State Trait Anxiety 
Inventory (STAI) (Spielberger, 1983) along with other questionnaires belonging to a standard lab 
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battery were completed online within 1 week prior to the imaging session. Upon arriving at the 
imaging center, participants completed a series of questionnaires and then the imaging session 
began.  Following the acquisition of the anatomical scan, 8 blocks of CASL images were collected.  
The 8 blocks were: Baseline-1 (5.3 minutes), Practice Math (5.3 min), Fun Math (5.3 min), 
Anticipation (2.7 min) Speech Preparation (Speech-Prep) (2.4 min), Stress Math (5.3 min), 
Recovery (2.7 min) and Baseline-2 (5.3 min) (Figure 2.1).  
 
  
SET was induced with a computerized variant of the Trier Social Stress Test (TSST) 
(Kirschbaum et al., 1993) that spanned across the Anticipation, Speech-Prep and Stress Math 
blocks. We opted for a computerized version given the nature of the scanning environment:  that is, 
it enabled subjects to complete the entire procedure without leaving the scanner.  Specifically, prior 
to the Anticipation block, participants were introduced to two confederates over a pre-recorded 
video that appeared to be a live video feed streaming from offices located elsewhere in the 
building.  The confederates introduced themselves as professors at the university with expertise in 
psychology and career management and informed the participants that they would soon be asked to 
prepare a speech that they would then deliver to the confederates after the scanning session. The 
participants were told that the speech topic would be revealed shortly.  The Anticipation block then 
began at which time participants were instructed to hold still and to wait for the instructions and 
Figure 2.1. Study Procedure.  CASL images were acquired over the color blocks depicted above.  
The duration of each block is noted.  Antic = Anticipation; Speech-Prep = Speech Preparation; Recov 
= Recovery.   The triangle makers note where salivary cortisol and PANAS data were collected. 
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speech topic.  Following Anticipation and prior to the Speech-Prep block, participants were 
instructed to silently prepare an 8 minute speech in a period of 3 minutes on their strengths and 
weaknesses as a candidate for their dream job (Het et al., 2009; Thomas et al., 2010).  The dream 
job was extracted from a pre-scan questionnaire and entered into the stimulus presentation program 
uniquely for each participant.   The Speech-Prep period then began.  At Pre-Recovery, participants 
were told that they were randomly selected not to deliver the speech and that they could relax.   
        There were 3 math blocks administered as part of the procedure, Practice, Fun and Stress  
Math, and participants performed a serial subtraction task in each.  The Stress Math block was 
administered as part of the TSST. The Fun Math Block was administered prior to the TSST and 
served as a baseline.  The Practice Math block was administered prior to the Fun Math block in 
order to allow participants the opportunity to practice before the baseline was measured.  Data 
from the Practice Math block were not analyzed. 
Serial Subtraction Task.  A unique four-digit number started each block from which participants 
were instructed to count backwards by 13s.  Each number was counterbalanced across blocks.  On 
each trial, participants saw a screen with four answer choices and they indicated their response 
with a press on a button box.  If an error was made, the task started again from the original four-
digit number.   For the Practice and the Fun Math blocks, participants were told that the task was a 
“brain teaser” administered simply to help pass the time during scanning.   When errors were 
made, friendly, non-threatening feedback was presented of the form, “Oops!  Please start over.”   
In contrast, for the Stress Math block, participants were told that the task was actually an 
intelligence test.   When errors were made, neutral feedback was presented of the form, “Wrong! 
Start over,” in red text. When RT to the answer choices exceeded 7 s, participants were instructed 
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to “Go faster” in red text.  Otherwise, all text was presented in white, and all screens contained a 
black background. 
Salivary Cortisol and Subjective Anxiety. Subjective anxiety ratings and salivary cortisol were 
collected at four time points throughout the study:  (1) Pre-Scan, 20 minutes post arrival (2) Pre-
Anticipation  (3) Post Baseline-2 and (4) Post-Scan, 20 minutes following the end of the imaging 
session.  Subjective anxiety ratings were reported on a scale of 1 to 4.  At Pre-Recovery, the time 
point when participants were told that they were randomly selected not to deliver their speech, 
subjective reports of relief were collected on a scale of 1 to 4.  Notably, at Pre-Anticipation, the 
salivary cortisol sample and the subjective anxiety rating were collected prior to the introduction of 
the confederates.  Thus, SET had not yet been induced at this point. 
Image Acquisition. We selected continuous ASL (CASL) rather than pulsed ASL 
implementations because of its inherent higher SNR and its lower sensitivity to vascular transit 
time errors in multi-slice acquisition. In CASL, blood water is labeled by being continuously 
(adiabatically) inverted at a labeling plane below the imaging volume using a relatively long off-
resonance radio-frequency (RF) pulse in the presence of a constant gradient field in the direction of 
the flow (Alsop & Detre, 1996). The labeled spins flow into each image’s voxel in proportion to 
the local CBF. The control images are acquired by repeating the procedure without the magnetic 
inversion of the arterial water. The subtraction of the labeled from the control image yields a 
difference image; the signal at each voxel in the difference image is proportional to the local CBF 
and is subsequently used to obtain a map of quantitative CBF in physiologically meaningful units 
(e.g. mL/100g*min).  
 A Philips Intera 1.5T scanner was used to acquire both anatomical and functional images.  
The structural SPGR image was acquired with the following parameters: TE/TR= 35 ms/4 s, flip 
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angle = 45°, acquisition matrix = 256 x 256 x 124, voxel size = 0.94 x 0.94 x 1.29 mm3.  Spin-echo 
EPI CASL images were acquired with the following parameters: labeling duration= 1.8 s, 
postlabeling delay (PLD) = 500 ms, TR/TE/=4s/35ms, flip angle = 90°, FOV = 240 x 210 mm2, in-
plane resolution = 3.75 x 3.75 mm2, 13 slices, thickness/gap = 5.0 mm/1.5 mm, slice acquisition 
mode = ascending, slice acquisition time = 35 ms. With an effective TR of 8 s, each scanning block 
(see Figure 2.1) consisted of the following numbers of control/label pairs:  Baseline-1 (n=40), 
Practice Math (n=40), Fun Math (n=40), Anticipation (20), Speech-Prep (n=18), Stress Math 
(n=40), Recovery (n=20) and Baseline-2 (n=40). 
Image Preprocessing and CBF Computation.   CBF images were created as described in detail 
in Asllani et al. (2008). Briefly, preprocessing was implemented using Statistical Parametric 
Mapping software (SPM99) (Wellcome Department of Cognitive Neurology) and other in-house 
code written in MATLAB (Mathworks, Natick MA). For each subject, images were preprocessed 
as follows: (1) all EPI images were realigned to the first acquired. (2) GM, WM, and CSF posterior 
probability images were obtained from SPGR image using the SPM99 segmentation algorithm. (3) 
The SPGR and posterior probability maps were co-registered to the first acquired EPI using the 
mutual information co-registration algorithm. (4) An analysis mask was made for each subject by 
summing subject’s posterior probability images; only voxels within this mask were included in the 
analysis. (5) SPGR and average CBF images were transformed into the Talairach standard space 
and were resampled to 2 × 2 × 2 mm3 voxel-size using bi-linear interpolation.  The spatially 
normalized control/label pairs were used to calculate percent change maps, which were 
subsequently used to compute CBF using the two-compartment formula derived by Alsop & Detre 
(1996) and later modified by Wang et al. (2005b).  
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Behavioral Analysis.  Accuracy and RT data from the Fun Math and Stress Math blocks of the 
Serial Subtraction Task were assessed.  Accuracy was assessed in two ways: 1) maximum number 
of consecutive correct answers and 2) total number of correct answers per block.  For RT data, 
outliers were identified on a subject by subject basis.  Outliers comprised any observation 3 
standard deviations away from the mean and were excluded from analysis.  
Imaging Analysis.  We use a multi-level estimation technique, Iterative Generalized Least Squares 
(IGLS) (Lindquist et al., in press), to estimate group-level effects (i.e. main effects) of SET.  Two 
separate models were designed to estimate within-subjects effects for Speech-Prep – Baseline-1 
(model 1) and Stress Math - Fun Math (model 2).  For each model, scores on the FNE Scale were 
entered as a between subjects covariate, and a voxel-wise analysis was run on the CBF images.  
Based on previous work (Wager et al., 2009a;2009b), a mask containing the following a priori 
ROIs was created:  bilateral vMPFC, pgACC, sgACC, rdACC, thalamus and PAG.  The mask was 
created by tracing a priori ROIs on the group-average anatomical image using visual inspection.  
Given our a priori hypotheses, within-mask ROIs surviving a threshold of p < .005, one-tailed, 
uncorrected, and an extent threshold of 3 voxels are reported.  ROIs that emerged at the group level 
were checked for their relationship with FNE scores by a Pearson correlation test. Importantly, 
these Pearson correlation tests were independent given the model that we defined.  Because the 
model included FNE scores as a between-subjects covariate, the variance contributed by FNE to 
the functional ROIs had been removed prior to the Pearson correlation test. To check for 
connectivity among ROIs, we extracted individual parameter estimates for each ROI and submitted 








Questionnaires.  Mean FNE score was 20.17 (11.78) and mean trait anxiety as measured by the 
STAI was 35.89 (7.83).  These measures related positively (r = .81, p < .001, one-tailed), 
suggesting that FNE is a trait level measure of an anxiety subtype (Watson & Friend, 1969). 
Subjective Anxiety and Relief.   Anxiety ratings (collected during the scanning session as 
described above) were submitted to a repeated measures ANCOVA, with the within subjects factor 
of TIME POINT (Pre-Baseline-1, Pre-Anticipation, Post-Baseline-2, Post-Scan) and the between 
subjects covariate of FNE SCORE.  The analysis revealed a main effect of Time Point, F3, 48 = 
6.543, p = .001, and an interaction between Time Point and FNE, F3, 48 = 4.97, p = .004. There was 
no main effect of FNE.  Planned comparisons indicated that, overall, subjects were more anxious at 
Pre-Anticipation than Pre-Baseline-1 (p < .05), that anxiety fell between Pre-Anticipation (p < .05) 
and Post-Baseline-2, and that anxiety fell once again between Post-Baseline-2 and Post-Scan (p = 
.053).  Tests of within subject contrasts revealed that the interaction term of Time Point and FNE 
was significant when assessed as a quadratic function (F1, 16 = 6.331, p = .023). Interestingly, FNE 
related positively to anxiety at Pre-Baseline-1 (r = .459, p = .028, one-tailed) and Post-Scan (r = 
.45, p < .031, one-tailed) and negatively to anxiety at Post-Baseline-2 (r=-.435, p = .036, one-
tailed).  There was no relationship between FNE and anxiety at Pre-Anticipation (Figure 2.2).   
To further investigate the nature of the relationship between FNE and anxiety, a median 
split on FNE was performed in order to yield Low and High FNE groups.  Group differences in 
anxiety as revealed by independent t-tests were found only in Pre-Baseline-1, (t16 = 2.14, p < .049, 
two-tailed).  Additionally, FNE scores correlated negatively with the Pre-Recovery relief rating (r 
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= .386, p = .057, one-tailed) and change in anxiety from Pre-Anticipation to Post-Baseline-2 (r = 
.475, p = .046, two-tailed), with both results indicating that High FNE individuals felt more relief 









Serial Subtraction Task.  Subjects achieved marginally more consecutive correct answers in the 
Fun Math block relative to the Stress Math block (t17 = 1.65, p < .06, one-tailed).  However, the 
opposite pattern emerged for total correct answers, such that subjects achieved more correct 
answers in the Stress Math block relative to the Fun Math block (t17 = -2.98, p < .001, two-tailed).  
Figure 2.2. Ratings of Subjective Anxiety over Time.  FNE scores were divided by a median split 
and two groups were formed, Low FNE and High FNE.   Low FNE are shown with the gray line and 
High FNE are shown with the black line.  Low FNE show an inverted-U shaped pattern, reporting 
little anxiety at Pre-Baseline-1, reporting some at Pre-Anticipation and Post-Baseline-2, and then 
reporting little at Post-Scan.  High FNE show a different pattern, reporting some anxiety at both Pre-
Baseline-1 and Pre-Anticipation and little anxiety over the remaining blocks. Note at Pre-
Anticipation, that subjects had not yet been introduced to the TSST panelists, and at Baseline-2, all 
subjects were told that all scanning had been completed.  Interestingly, these data show that High 
FNE reported more anxiety at the beginning (i.e. prior to the onset of SET), but less anxiety than Low 
FNE subjects when scanning ended, suggesting that they felt more relief. Error bars represent 




Also, RT was faster during the Stress Math block relative to the Fun Math block (t17 = 6.15, p < 
.001, two-tailed).  
      In order to assess the effect of FNE, each dependent measure was submitted to a 2 x 2  
repeated measures ANOVA with the within subjects factor of BLOCK (Fun Math, Stress Math) 
and the between subjects factor of GROUP (High FNE, Low FNE).  No group effects on accuracy 
were found.  For RT, there was an effect of block (F1,16  = 36.46, p < .001) such that RT was faster 
in the Stress Math block relative to the Fun Math Block, and there was a marginal effect of group 
(F1,16  = 2.86, p < .06, one-tailed) such that Low FNE subjects performed faster than High FNE 
subjects irrespective of block.  No interaction between block and group was found.  Descriptive 
statistics for this task can be found in Table 2.2. 
Salivary Cortisol.  Cortisol levels were submitted to a repeated measures ANCOVA, with the 
within subjects factor of TIME POINT (Pre-Baseline-1, Pre-Anticipation, Post-Baseline-2, Post-
Scan) and the between subjects covariate, FNE SCORE. The analysis revealed a main effect of 
Time Point, F3, 45 = 5.186, p = .004, but no other effects were found. Planned pair-wise 
comparisons revealed a drop between Pre-Baseline-1 and Pre-Anticipation (p < .01) and between 
Post-Baseline-2 and Post-Scan (p < .05).  A repeated measures ANOVA was run with the within 
subjects factor of TIME POINT (Pre-Baseline-1, Pre-Anticipation, Post-Baseline-2, Post-Scan) 
and the between subjects factor of GROUP (High, FNE, Low FNE).  This analysis revealed a main 
effect of Time Point, F1,45 = 5.435, p = .003, and a main effect of Group, F1,15  = 6.197, p = .025. 
Pair-wise comparisons revealed that cortisol levels were greater in High FNE than Low FNE 
subjects across all 4 blocks (p < .05, one-tailed).    
 While we had predicted that cortisol reactivity would follow an inverted-U shaped  
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pattern, these results indicate a linear decline, largely driven by the substantial drop between Pre-
Baseline-1 and Pre-Anticipation. Since the peak cortisol response is estimated to occur 21-30 
minutes from stressor onset (Dickerson & Kemeny, 2004) and given that Post-Baseline-2 occurred 
approximately 20 minutes from the onset of the stressor, it does not seem that measurement of the 
peak stress response was missed.  Notably, our experiment took place in a neuroimaging setting 
with participants who were mostly naïve to fMRI scanning.  Cortisol peaked at the beginning of 
the experiment which is a pattern that has been observed in other laboratory settings (Hucklebridge 
et al., 2002).  This initial peak and subsequent drop may have obscured observation of increased 
levels due to SET across time.  
Imaging  
Main Effects: Speech-Prep – Baseline-1.  Relative to Baseline-1, during Speech-Prep, enhanced 
activity was found in left vMPFC, left pg/sgACC, right pgACC, left thalamus (Figures. 2.3A and 
2.3B) and medial PAG (Figure 2.4).  Deactivation was found in the right vMPFC (Figure 2.3B). 
See Table 2.3 for a complete list of regions. Functional connectivity was found between two pairs 
of regions: 1) right vMPFC and right pgACC and 2) right vMPFC and the PAG.  Specifically, a 
Pearson correlation test revealed that the right vMPFC related negatively both to the right pgACC 
(r = - .60, p = .004, one-tailed) and PAG (r= -.39, p= .053, one-tailed), consistent with previous 
work (Wager et al., 2009b).   
Main Effects: Stress Math – Fun Math.  Relative to the Fun Math block, during the Stress Math 
block, enhanced activity was found in bilateral parahippocampal cortex (PhC), cerebellum, 
occipital cortex and bilateral dorsal MPFC (dMPFC).  Deactivation was found in several regions 
including bilateral vMPFC. lateral occipital cortex near the angular gyrus, pgACC, sgACC, 









Figure 2.3. Main Effects of Speech-Prep – Baseline-1. The left (A) and right (B) hemispheres are 
shown.  Activity in both the left thalamus (C) and the left ventromedial prefrontal cortex (vMPFC) 
(D) increased during Speech-Prep and correlated negatively with FNE.  The bar graphs depict CBF by 
block for both of these regions and indicate that those high in FNE show elevated CBF at Baseline-1. 






Inter-individual Differences. In order to search for inter-individual differences, slope estimates 
from the functional ROIs with main effects were correlated with FNE by a Pearson correlation test. 
For the Speech-Prep – Baseline-1 comparison, both the left vMPFC and the left thalamus related 
negatively to FNE (r = - .56, p < .02, and r = - .66, p < .06, respectively). Visualization of time-
series data in both of these regions revealed that brain activity in the Low FNE group increased 
more sharply from Baseline-1 to Speech-Prep than that of the High FNE group.  The sharper 
increase was driven by higher levels of Baseline-1 activity in the High FNE group (Figures 2.3C 
and 2.3D). No other regions related to FNE. In the vMPFC, activity related positively to FNE 
during Baseline-1 (r = .405, p = .048) and during Recovery (r = .396, p = .052), but there was not a 
relationship between activity and FNE in any other block (Figure 2.5).  Further, there were no 
relationships by block in the thalamus.  FNE scores for two subjects fell two standard deviations 
above the mean. Given that these subjects may have influenced the results as outliers, we excluded 
these two subjects, and examined the relationship between FNE and CBF by block as above. With 
Figure 2.4. Main Effects of Speech-Prep-Baseline-1: PAG.  CBF increases in the medial 
periaqueductal gray (PAG) in Speech-Prep compared to Baseline-1. 
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this assessment, in the L vMPFC, there was a negative relationship between activity and FNE 
during Practice Math (r = .-606, p = .006), Fun Math (r = -.042, p = .053), Anticipation (r = -.462, p 
= .036) and Speech-Prep (r = -.585, p = .009), and there was a marginal negative relationship 
during Baseline-2 (r = -.371, p = .078).  In the thalamus, there was a marginal negative relationship 
between activity and FNE during Baseline-1 (r = -.358, p = .086), Anticipation (r = -.39, p = .068) 
and Stress Math (r = -.38, r = .073), and there was a negative relationship during Fun Math (r = -
.612, p = .006) and Speech-Prep (-.563, r = .012).  Notably, removing the potential FNE outliers 
changed the results in L vMPFC during Baseline-1 and Recovery from a positive relationship 
between activity and FNE to a non-significant relationship.  For  the Stress Math – Fun Math 
comparison, FNE related positively to activity in left PhC (r = .55, p = .04), left vMPFC (r = .51, p 
= .05)  and sgACC (r = .59, p = .026).  
 
 Figure 2.5. Left vMPFC Activity by Block.  Scatterplot data of the left vMPFC region yielded by 
the Speech-Prep-Baseline-1 comparison (ROI shown in Figure 2.3D).  FNE relates to CBF in the 





The purpose of this study was to investigate whether the neural circuitry involved in 
physiological reactivity to SET is modulated by an important trait level individual difference 
measure, FNE.  Our main finding is that a priori regions of the left vMPFC and left thalamus 
increased during SET, with the magnitude of the increase depending on individual differences in 
FNE.  Those low in FNE demonstrate larger increases than those who are high in FNE, possibly 
due to higher baseline activity in high FNE individuals..  We opted to use a perfusion imaging 
technique (ASL) that allowed for the measurement and statistical evaluation of physiologically 
meaningful values across all blocks of the session.  This imaging technique was well suited for 
measurement of activity in our a priori regions of interest, ones that typically suffer from 
susceptibility artifacts when measured with BOLD, the MPFC and the subcortical regions of the 
thalamus and PAG.   The MPFC is particularly interesting as its functional heterogeneity has now 
been well documented, and research with the precision of ASL can serve to refine the mapping of 
its functions.  
Behaviorally, subjective ratings of anxiety tracked with the vMPFC and thalamic patterns 
of activity.  Ratings of anxiety increased from Baseline-1 to Pre-Anticipation for both low and high 
FNE individuals, but those who were low in FNE showed a sharper increase.  Notably, high FNE 
subjects were not at ceiling from the start, so a ceiling effect does not appear to underlie the overall 
effect.  Both the neural and behavioral pattern of activity from Low FNE individuals approximates 
what has been characterized as a healthy stress response, where sharp increases occur to the 
stressor and sharp decreases occur at recovery.   Thus, elevated levels are not observed during 
periods that are not stressful.  
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Although cortisol levels did not change in a manner consistent with previous work on 
stress, possibly due to the nature of the imaging environment, it is of interest that higher cortisol 
levels were observed overall in high FNE individuals. This could in part link to the observed 
elevation in baseline subjective reports of anxiety as well as baseline levels of activity in the left 
vMPFC.  
Replicating previous work, we found increased activity in key stress regions such as 
pgACC and PAG and decreased activity in the right vMPFC (Wager et al., 2009a;2009b) across 
subjects.  The pgACC has been implicated in the regulation of cardiac activity (Critchley et al., 
2000; 2003; Gianaros et al., 2009; Wager et al., 2009a;2009b) as well as affective processes 
(Kober et al., 2008).  Interestingly, this region activates to both physical and emotional stressors 
(Critchley et al., 2000). 
The PAG is a midbrain region with connections to other stress regions such as the 
hypothalamus, amygdala and MPFC.  It is thought to be involved in the coordinated set of 
behaviors that guide an organism’s response to threat, including both active emotional coping (i.e. 
fight and flight) and passive emotional coping (i.e. quiescence).  For instance, if the rostral lateral 
PAG and dorsolateral PAG of the cat are stimulated with excitatory amino acids, the cat displays a 
behavioral repertoire approximating a fight response whereas caudal stimulation results in a 
behavioral repertoire approximating a flight response.  Hypertension occurs in both cases, with a 
specificity of blood flow to the muscles belonging to each repertoire.  Stimulation of the 
ventrolateral PAG results in quiescence, evidenced in behavior, hypotension and opioid-mediated 
analgesia.   Further, recent evidence has shown that the PAG is organized by a columnar pattern of 
cells, with specific columns mapping onto the distinct aforementioned functions and connecting to 
different regions of the MPFC (Bandler & Shipley, 1994; Bandler et al., 2000).    In the human, the 
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PAG has been shown to mediate the relationship between increased heart rate and social stress 
(Wager et al., 2009b) and to increase in activity the more proximal in time a threatening stimulus 
becomes (Mobbs et al., 2007).  Finally, in a meta-analysis of 162 human neuroimaging studies of 
emotion, Kober et al. (2008) found evidence for functional pathways involving the PAG. 
Activity of the vMPFC is of particular interest. This region has been implicated in a 
number of processes including self-referential processing (Moran et al., 2007); self-referential 
memory (Kelley et al., 2002); resting state activity (Gusnard et al., 2001; Raichle et al., 2001), 
contextual knowledge about the controllability of stress (Amat et al., 2006) and the regulation of 
physiology (Diorio et al., 1993; Nagai et al., 2004; Wager et al., 2009a;2009b).  Here we observed 
two important subregions of activation: 1) increases in the left vMPFC that predict individual 
differences in FNE as described above and 2) decreases in right vMPFC at the group level, 
consistent with previous work (Wager et al., 2009a;2009b) and with the idea that particular 
subregions of the PFC may link specifically to activity of the parasympathetic nervous system, a 
branch of the autonomic nervous system whose activity is thought to decrease (i.e. reduce) when 
there is stress. The right vMPFC may be one such region.  Indeed, it was this region that related 
negatively both to stress and to PAG activity as well as mediated the relationship between the two 
(Wager et al., 2009b) such that decreases in vMPFC activity related to increases in PAG activity.  
This result is consistent with that observed by Mobbs et al. (2007) whereby the more proximal in 
time a threat becomes, the more that the vMPFC decreases and that the PAG increases in activity.  
Both regions of the vMPFC observed here differ somewhat from activity reported in the 
only other stress study to date employing ASL.  Wang et al. (2005a) reported deactivation in the 
left vMPFC during a stressful math task and a positive relationship between stressful math and 
subjective report of perceived stress in the right OFC.  However, each of these regions are located 
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at least 10 mm beyond the center of activation in the subregions observed in the present study, with 
the OFC ROI approaching the lateral edge.  Another important difference is that in Wang et al. 
(2005a), relationships between brain activity and difference scores of perceived stress were 
examined whereas in the current study relationships between brain activity and absolute scores of 
FNE were examined. It is possible that participants in Wang et al. (2005a) who started the study 
high on the scale of perceived stress did not have room to increase, which would lead to a small 
difference score.  With the absolute scale of FNE, it is possible to capture a range of brain activity, 
ranging with fidelity from low to high.  This in turn, might give rise to differences in MPFC 
between the two studies. 
Our study has several limitations that should be considered.  First, we did not observe an 
increase in cortisol as a function of SET, but rather a steady decline across time.   We attribute the 
lack of a stress-evoked cortisol response to the novelty of the imaging environment, where 
although participants were allowed to relax for at least 20 minutes upon arrival, the peak of the 
response was observed at the first resting baseline.  Another possibility is that although the 
paradigm, a variant of the original used by Kirschbaum et al. (1993), was potent enough to elicit 
changes in heart rate in previous work (Wager et al., 2009a;2009b), it was not potent enough to 
induce changes in cortisol.  This could be due to the fact that subjects were not actually asked to 
deliver their speeches nor were they introduced to the panel in person.  Indeed, it has been 
demonstrated that performing the TSST in the presence of others who provide negative social 
evaluation results in greater cortisol reactivity than simply performing it in the mere presence of 
others (Dickerson et al., 2009) and that performing the TSST for a live panel results in greater 
inflammatory reactivity than performing it alone.  Taken together, this suggests that the live 
presence of others who provide negative feedback is the critical determinant of cortisol reactivity.  
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Nonetheless, our measures of state anxiety as well as neural activity do track in a plausible manner 
with the events of the session.   Therefore we believe that the study succeeded in inducing SET, 
though potentially not to the same extent as that in the original version of the TSST (Kirschbaum et 
al., 1993). 
Also, given that the focus of the this study was trait level individual differences and given 
that our findings rest in the MPFC, a region known to be highly heterogeneous in function, future 
work would benefit from a sample size that is larger than the one used here (n=18).  Finally, our 





In sum, we employed ASL, a technique that is well suited to the imaging of slow changing 
emotional states and to the assessment of activity in the vMPFC and a novel image analysis well 
suited for assessment of individual differences to elucidate the neural mechanisms of SET.  
Importantly, we observed ROIs that are consistent with previous work in both the animal and 
human literature on the neural mechanisms of stress.  Moreover, stress-related activity in a 
midbrain region of the circuitry, the PAG, was identified with this technique for the first time.  
Lastly, it is widely agreed upon that stressors have specific psychological and physiological 
profiles, and this study has extended previous work by characterizing SET-related links among 










Chapter 3:  
 
 






The impact of stress and stress hormones on episodic memory has been examined, but no 
studies to date have looked specifically at the effect of social evaluative threat (SET), an important 
and pervasive form of social stress, on the brain mechanisms subserving relational memory during 
the encoding stage.  To determine the effect of SET on the encoding of relational information and 
the underlying neural correlates, twenty subjects were recruited and randomized into one of two 
groups: the SET group, who were administered the Trier Social Stress Test (TSST) (n = 9), or the 
Control group, who were administered a non-threatening imagining/writing task (n = 11).  The 
Shifted Emotion Attention Task (SEAT) was administered to all participants while BOLD fMRI 
measures were collected.  Twenty-four hours later, participants returned to the lab and were 
administered a surprise recognition memory task for relational and item material presented during 
the SEAT.  SET impaired recognition of relational, but not item, information and an area of right 
parahippocampal cortex (PhC) mediated the relationship between SET and memory impairment.  
Given a priori hypotheses, regions of the default network (DN) were also examined.  Results 
indicated that deactivation of bilateral MPFC supported encoding of relational information, that 
SET participants deactivated these regions less than Controls, and that these regions mediated the 
relationship between SET and relational memory impairment.  Taken together, these results show 
that SET impairs memory for relational memoranda and that the right PhC and bilateral MPFC 





The impact of psychological stress and stress hormones on episodic memory is not yet 
clear.  Much evidence points to the idea that they impair memory retrieval (de Quervain et al., 
2000; Buss et al., 2003; Smeets et al., 2008; for review, see Wolf, 2009), but results have been 
mixed regarding their influence on memory encoding and consolidation.  In several studies, 
episodic memory has been examined as a function of the stress hormone cortisol, while other 
studies have examined it as a function of psychosocial stress.   Pharmacological and psychosocial 
stress manipulations differ at the affective and cognitive levels, and this difference in part may 
explain mixed results on memory.  For example, evidence indicates that during encoding, memory 
enhancement occurs with cortisol administration  (e.g. Buchanan & Lovallo, 2001) but memory 
impairment occurs with psychological stress (e.g. Kirschbaum et al., 1996).  Possible underlying 
psychological mechanisms that could explain the difference in findings are enhanced state anxiety 
(Wang et al., 2005a) and self-referential processing/rumination (Zoccola et al., 2008) that 
accompany forms of acute psychosocial stress but not pharmacological challenge.  The form of 
memory is also a consideration.  Several studies have been concerned with memory for items and 
spatial information, however none to our knowledge have investigated the effects of psychological 
stress on relational memory.  Relational memory has been implicated in stress-related disorders 
such as post-traumatic stress disorder (PTSD) (Elzinga & Bemner, 2002; Garfinkel & Liberzon, 
2009), and so its understanding is of interest. 
The neural mechanisms underlying the acquisition of relational material during 
psychological stress remains open.   How the brain acquires episodic memory has been the subject 
of much inquiry and debate among researchers in recent years with questions surrounding the 
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functional dissociability of the medial temporal lobe (MTL) being some of the most investigated.  
Evidence indicates a role of the hippocampus proper in the encoding of relational material, the 
perirhinal cortex (PrC) in the encoding of item information, and the posterior parahippocampal 
cortex (PhC) in the encoding of relational material that involves contextual information (Davachi, 
2006).  However there is additional evidence to suggest that the MTL does not always encode 
information according to this pattern (Kirwan et al., 2004; Staresina & Davachi, 2006).    
In the present study, we investigate the influence of psychological stress, in the form of 
social evaluative threat (SET), on incidental encoding of relational memoranda while collecting 
BOLD fMRI measures of brain activity.   Participants completed the Shifted Emotion Attention 
Task (SEAT) during scanning and 24 hours later were administered a surprise long term, memory 
task (SEAT-LTM) in which recognition for stimuli from the SEAT was measured.  Stimuli in the 
SEAT were face items superimposed on place items, to form face-place composite images.  In 
SEAT-LTM, these composite images were tested in relational and item forms.  Given the 
psychosocial nature of the stressor, we predicted that stress would impair memory.  Further, we 
predicted that activity in the MTL would underlie the impairment (de Quervain et al., 2003; 
Davachi, 2006; Oei et al., 2007; Preussner et al., 2008; Henckens et al., 2009), and specifically, 
that the PhC would be involved given the spatial nature of the memoranda (i.e. given the place 
component).  Further, we investigated other regions and networks involved in memory, such as the 
default network (DN).  One area of the DN, the vMPFC, has been linked to stress and working 
memory (Qin et al., 2009) as well as memory encoding, but not retrieval (Huijerbers et al., 2001).  
This region has yet to be characterized in stress in relational memory.   Given previous work, we 
hypothesize that the vMPFC activation will relate negatively to encoding success and will 






Participants.  Twenty healthy right-handed participants (mean age = 23.15 (4.20)) were recruited 
into the study and randomized to one of two groups:  SET (n=9, 5 females) and Control (n=11, 4 
females).  Participants were screened for Axis I disorders from the DSM-IV and immune and 
endocrine system disorders. All female participants were tested during the luteal phase of the 
menstrual cycle to control for variations in reactivity of the hypothalamo-pituitary-adrenal (HPA) 
axis throughout the cycle (Kirschbaum et al., 1999; Childs et al., 2010). Prior to the imaging 
session, participants were asked to refrain from behaviors that are known to impact the HPA axis.  
Specifically, 48 hours prior to the imaging session, participants were asked to refrain from alcohol, 
smoking and heavy exercise.  Two hours prior to the imaging session, participants were asked to 
refrain from a heavy meal, caffeine and exercise of any type.  Also, participants were asked to get a 
normal night’s sleep the night before. Compliance with these restrictions was confirmed upon 
arrival at the imaging center.   All study procedures were approved by the IRB of Columbia 
University and were in accordance with the Declaration of Helsinki. Participants provided written 
informed consent prior to the start of the study.  Data from affective self-report were missing for 
one Control participant, leaving a Control group sample size of 10 for analyses related to these 
data.  
Procedure. The experiment took place over the course of 3 days.  On Day 1, participants  
consented to the procedure and practiced the cognitive tasks.  Sometime prior to the session on 
Day 2, participants were instructed to complete a battery of online personality and affect 
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questionnaires including the State Trait Anxiety Inventory (STAI). All sessions were conducted in 
the afternoon to control for diurnal variations of cortisol. 
The scanning session took place on Day 2. First, structural and baseline/resting functional 
scans were acquired.   Next, SET participants were administered a form of the TSST (Kirschbaum 
et al., 1993) that was adapted to the scanning environment.  Two confederates wearing white lab 
coats and posing as professors instructed participants to prepare a speech that would later be 
delivered to them.  SET participants were given 3 minutes to prepare a 5 minute speech on their 
strengths and weaknesses as candidates for “the job of their dreams” while functional fMRI 
measures were acquired.  The job was specific to each participant and was gleaned from a 
questionnaire on Day 1.   
Following the preparation period, SET participants left the scanner room and delivered the 
speech for 5 minutes to the confederates following which they performed an oral 5 minute serial 
subtraction task.   Control participants did not even meet the confederates.  Instead, they were 
instructed by the experimenter to imagine spending a day in NYC with a friend who was visiting. 
They were told that they would be asked to write down their story in a 5 minute period following 
the scan.  At the end of the preparation period, Control participants left the scanner room and 
recorded their stories on their own in a 5 minute period. To further promote the non-threatening 
nature of this task, Control participants were told that they could take longer than 5 minutes if they 
would like and that their answers would not be used as data in the experiment.   
Next, all participants returned to the scanner at which point the SEAT was administered.  
To maintain the environment of SET, SET participants were informed that the SEAT was a 
measure of social competence.  Control subjects did not receive this instruction.  Following the 
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SEAT, more cognitive testing took place (data to be presented elsewhere), and then participants 
completed a final set of questionnaires including the STAI and were debriefed.   
Throughout the scanning session, measures of salivary cortisol and affective self report 
ratings were collected.   Participants rated on a scale of 1 to 4 levels of anxiety, alertness, 
excitement, with 1 equaling “not at all” and 4 equaling “Very much”.  On Day 3 (24 hours later), 
participants returned and completed the SEAT-LTM. 
SEAT. This task required participants to make judgments of face-place composite stimuli (Figure 
3.1).  Stimuli were judged three different times in the following ways: 1) on whether the place was 
of an indoor or outdoor scene 2) on whether the face was male or female 3) on whether the 
participant liked or disliked the face.    
 
 
Faces varied by emotion and could be angry, fearful or neutral, with an equal number of each 
emotion occurring across the task. 45 trials with composite stimuli were administered per run with 
the following events:  fixation (1000 ms), an instruction screen indicating the type of judgment to 
be made (750 ms), inter-stimulus interval (ISI) (250 ms), a screen with the composite stimulus and 
a reminder of the instruction (1500 ms), and jittered fixation (2000, 3000, 5000 or 7000 ms).  Due 
Figure 3.1. Composite Stimuli.  Place stimuli (indoor or outdoor) were superimposed onto face stimuli 




to technical error, the bottom 1/3 of each composite stimulus was covered by the instruction 
reminder.  Additionally, 5 trials with face stimuli (neutral faces only) and 5 trials with place stimuli 
(outdoor scenes only) were presented per run.  These were localizer trials, with the face trials being 
included to localize the fusiform gyrus and the place trials being included to localize the PhC.   On 
these trials, participants made a face/place judgment, and all events matched those of the trials with 
composite stimuli, except that face and place images appeared for 2000 ms.  
All composite, face and place stimuli were equated for luminance. In total, 4 runs of 55 
trials were administered, and all trials were randomly presented.  A rest block of 28.5 s completed 
each run. The task was administered with E-prime software (Psychology Software Tools, Inc.) 
through LCD goggles.  Responses were recorded with an MR-compatible button box. 
SEAT- LTM.  Item: In this task, composite stimuli that appeared in the SEAT were decomposed 
and presented as separate face and place items.  In total, 40 old items (20 face, 20 place) and 40 
new items (20 face, 20 place) were presented in a random order.  Participants were asked to make 
an Old/New judgment, and response was self-paced.   Relational:  In this task, 50 composite 
stimuli were randomly presented.  Twenty were direct matches to those in the SEAT (“Matches”), 
20 were stimuli from the SEAT that were decomposed and recombined (“Mismatches”) and 10 
were new stimuli (“New”). Participants were asked to make an Old/New judgment, and response 
was self-paced.   Match stimuli were coded as old and mismatch and new stimuli were coded as 
new. 
Due to a limited number of stimuli, some test items presented in the Item task were also 
presented in composite images of the Relational task.  To minimize the possible influence of 
priming effects, the Item task was administered to all subjects prior to the Relational task. The task 
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was administered with E-Prime software (Psychology Software Tools, Inc.) on a desktop 
computer, and responses were recorded by a keyboard. 
Imaging Acquisition.  Measures of brain activity were acquired with a 3T Philips Achieva scanner 
using BOLD gradient echo planar imaging.  The following parameters were specified:  voxel size 
= 2 x 2 x 3 mm; slice number = 37; TR = 2000 ms; TE = 20 ms; flip angle = 72 degrees; 
acquisition = interleaved.  A T1-weighted structural image (MPRAGE) was also acquired. 
Analysis 
Salivary Cortisol.  Samples of salivary cortisol were stored in a lab freezer at -20 degrees Celsius.  
They were analyzed in the lab of Dr. Clemens Kirschbaum (Dresden, Germany).  
LTM Performance.  Accuracy data for the SEAT-LTM were converted into the unit, A-prime 
(Zhang & Mueller, 2005). Similar to d-prime, A-prime uses both hit and false alarm rates to index 
sensitivity.  The statistic is non-parametric and has a range of 0 to 1. RTs that were less than 200 
ms or 3 standard deviations above or below the mean were excluded. 
Imaging.  Images were converted to ANALYZE format and preprocessed using SPM5 software 
(Wellcome Department of Cognitive Neurology).  The preprocessing steps of the BOLD images 
included 1) slice-timing correction 2) realignment 3) coregistration to the anatomical image 4) 
normalization to the template MNI space and 5) smoothing with an 8 mm kernel.  Using SPM5 and 
a canonical HRF, single level models were estimated, with each stimulus presentation modeled as 
an event. Rest periods defined an implicit baseline. At the 2nd level, robust regression was 
employed (Wager et al., 2005) to assess the contrast of interest, View Stimulus – Rest, and the 
covariate, LTM performance.  Separate analyses were run for the Relational and Item tasks.  ROIs 
were visualized at p < .0005, uncorrected, and beta values from each were extracted and compared 
as a function of group using an independent t-test.  Importantly, group comparisons were 
performed on all regions yielded from an analysis that was independent of group, rendering the 
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tests independent (Vul et al., 2009).  Also, 2nd level mediation analyses were performed to assess 
the influence of brain activity on the relationship between Group (SET or Control) and SEAT-
LTM performance.  Robust regression and mediation were implemented using MATLAB.  All 
other analyses were implemented using SPSS 18.0. 
Gender Covariate.  All analyses were conducted with models that included gender as a covariate 
of non-interest.  Including gender did not alter the results.  Results from models that did not include 




Salivary Cortisol. Percent change in salivary cortisol was calculated between the time points, pre-
Speech Preparation and post-SEAT.  The pre-Speech Preparation time point was selected as a 
baseline measure since it occurred just before the administration of the speech (SET) or writing 
(control) instructions.  The post-SEAT time point was selected since it was hypothesized to serve 
as the peak time point for the SET group given the lag of the cortisol response (Dickerson & 
Kemeny, 2004). As hypothesized, percent change scores were higher in the SET group compared 
to Controls as revealed by an independent t-test (t18 = -3.98, p = 0.02, one-tailed) (Figure 3.2A). 
Behavioral 
Self-report Affective Ratings.  Change scores for the three affective ratings, anxiety, alertness and 
excitement, were calculated using the pre-Speech Preparation and pre-TSST/Writing task time 
points and compared as function of group using independent t-tests.  As hypothesized, the increase 
in anxiety was greater in the SET group (t17 = 2.12, p = .025, one-tailed) than the Control group.  
There was a marginal effect for alertness, such that the SET group reported feeling more alert than 
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the Control group, (t17 = 1.94, p = .069, two-tailed), and there was no difference in excitement 





SET participants reported more state anxiety than Controls at the end of the scanning 
session as measured by the STAI (t18 = 1.753, p < .05).  This measure correlated with change 
scores (pre-Speech Preparation to pre-TSST/Control-writing (TW) tasks) in self-report anxiety  (r 
= .386, p = .051, one-tailed), indicating that the degree to which participants felt anxious at the 
time of the TW tasks related to how anxious participants felt at the end of the scanning session as 
measured by the state portion of the STAI (r = .461, p = .024, one-tailed).  Furthermore, there were 
group differences on post-scanning state anxiety (STAI), with SET subjects reporting more state 
anxiety than Control subjects (t18 = 1.75, p < .05, one-tailed).  To establish that the groups did not 
Figure 3.2 Salivary Cortisol and Subjective Affect over Time. A) Mean free salivary cortisol 
concentration in nanomoles per liter for the SET and Control groups. Average self-report affective 
ratings for B) anxiety C) alert D) excited on a 4 point scale. Time-series data were estimated with a 
cubic spline data interpolation using the 8 samples across time. Error bars represent SEM. An asterisk 
(*) indicates a significant change (p < .05) between time points as a function of group.  Pre = Pre-scan 
Questionnaires and Set-up; Anat 1 & Baseline = 1st structural scan and baseline scan ; SP = speech-
preparation; TW = TSST (SET Group) or Writing Task (Control Group); Anat 2 = 2nd structural 
scan; Post = post-scan interview and questionnaires. Error bars represent SEM. 
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have pre-existing differences in anxiety, trait anxiety from the STAI collected as part of the online 
battery was assessed.  No group differences were found (t18 = -1.37, p = n.s.). 
SEAT-LTM.  A-prime scores were submitted to a repeated-measures ANOVA modeled with the 
within-subjects factor of MEMORY TASK (Relational, Item) and the between-subjects factor of 
GROUP (SET, Control).  An interaction between Memory Task and Group on A-prime was 
revealed, such that relative to Controls, SET subjects showed impairment on the Relational, but not 
the Item task (F1, 18 = 7.01, p = .016) (Figure 3.3).  Main effects of Memory Task and Group were 
not found.   Planned comparisons confirmed that SET subjects showed impairment on the 
Relational (p = .057), but not the Item task (p = .501).  RT data were assessed with the same 
repeated-measures ANOVA.  A main effect of task was found, such that RT was faster on the Item 
compared to the Relational task (F1, 18  = 11.25, p = .004). No other effects were found.   
To assess the effect of emotion, A-prime for trials with angry and fear faces was calculated 
and submitted to the same repeated-measures ANOVA.  This analysis revealed an interaction that 
was marginally significant, such that the SET group had a trend level impairment on the Relational 
task, but not the Item task, relative to Controls (F1, 18  =  4.12, p = .057).   No other effects were 
found.  Planned comparisons confirmed that SET subjects showed impairment on the Relational (p 






To assess whether the two groups differed in the amount of time spent encoding the stimuli 
during the SEAT, RT for judgments during the SEAT were assessed.  RT was used  
as an indirect measure of looking time.  Using an independent t-test, no difference in RT was found 
among groups. 
To assess the effect of self-report anxiety in the Relational task, a linear regression analysis 
with the predictors, group, change in anxiety and their interaction term was run, but no significant 
effects were found.  However, the correlation between change in anxiety and LTM for all 
participants was significant (r = -.475, p = .02, one-tailed), and there is indication that this 
relationship may have been driven by the SET group.  That is, the correlation in the SET group 
Figure 3.3.  LTM Performance.  LTM performance in the unit, A-prime, on the SEAT.  SET 
impaired relational, but not item LTM.  Error bars represent SEM.  *: p = .057 
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alone was marginally significant (r = -.556, p = .06) whereas the correlation in the Control group 
was not (r = -.183, p = .31).   The difference in the correlations was not submitted to an inferential 
test given the small sample size in each group.  
To assess the effect of cortisol in the Relational task, a linear regression analysis with the 
predictors, group, percent change in cortisol and their interaction term was run.  No significant 
effects were found.  Furthermore, correlations between percent change cortisol and LTM across all 
participants and as a function of group were not significant. 
Imaging  
Relational LTM-related Brain Activity.  The View Stimulus - Rest contrast was assessed as a 
function of Relational A-prime in order to determine brain activity that predicted Relational LTM.  
As hypothesized, this analysis revealed robust activation in the MTL, specifically, in the right PhC, 
as well as deactivation in the DN, specifically in bilateral vMPFC (p  < .0005, uncorrected) 
(Figure 3.4).  All other regions are reported in Table 3.1. 
Group Differences – Relational LTM-related Brain Activity. Beta values were extracted from 
each region and assessed as a function of group.  As hypothesized, the SET group showed less 
activity in the PhC  (t18 = -2.482, p = .023) and more activity in bilateral vMPFC (left: t18 = 2.232, 
p = .039; right: t18 = 2.365, p = .029). To further probe the relationship between group and LTM 
performance, we designed a mediation analysis where X = Group (SET = 1, Control = -1), M = 
brain activity Y = LTM Performance.  Specifically, this analysis assesses whether the relationship 
of X to M (path a) and M to Y controlling for X (path b) is strong enough to break the relationship 




implemented in a series of regressions, with tests of the coefficients estimated on each path, and a 
test of the coefficient on path a*b determines whether mediation has occurred.  For the PhC, it was 
found that Group related negatively to activity (path a = -18.60, p < .01), activity related positively 
to LTM Performance (path b =  .002, p < .005), that Group related negatively to LTM Performance 
(path c = -.051, p < .05) and that activity was a negative mediator between Group and LTM 
Performance (path a*b = -.044, p = .01).  For the bilateral vMPFC, it was found that Group related 
positively to activity (path a: L vMPFC = 7.77, p < .05; R vMPFC = 12.71, p < .01), activity 
related negatively to LTM Performance (path b:  L vMPFC = -.005, p < .01; R vMPFC = -.003, p < 
.01), Group related negatively to LTM Performance (path c: see results for PhC above), and that 
activity was a negative mediator between Group and LTM Performance (path a*b: L vMPFC = -
.037, p < .05; R vMPFC = - .043, p = .01).  
Figure 3.4. Brain Activity Predicting LTM Performance.  A priori brain regions that relate to 
Relational LTM performance and that differ by group for the View Stimulus-Rest contrast: A) right 
parahippocampal cortex (PhC), B) right ventromedial cortex (vMPFC) and C) left vMPFC. 
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Item LTM-related Brain Activity.  The View Stimulus - Rest contrast was assessed as a function 
of Item A-prime in order to determine brain activity that predicted Item LTM. The analysis was 
conducted in the same way as the one for Relational-LTM found above.  No MTL region was 
identified with this analysis, and activity in the left vMPFC related negatively to performance. No 
group differences were found in any a priori regions of interest.  All other regions are reported in 
Table 3.2. 
Face/Place Localizer.  A Face-Place contrast revealed robust activation in bilateral fusiform gyrus 
and robust deactivation in bilateral PhC as expected.  These comparisons were performed as 




     With this study, we tested the hypothesis that SET would impair relational LTM and that  
decreased activity of the MTL would underlie the impairment. As hypothesized, we found that 
SET participants were impaired in relational LTM, but not item LTM, relative to Controls.  
Furthermore, we found that activity in the right PhC related positively to relational LTM, that SET 
participants showed less activity in this region compared to Controls, and that this region mediated 
the relationship between SET and impaired relational LTM.   Additionally, activity in bilateral 
vMPFC related negatively to relational LTM, SET participants showed less deactivation in these 
regions than Controls, and these regions mediated the relationship between SET and relational 
LTM. 
        To our knowledge, this is the first study to examine the effects of SET on the encoding  
phase of relational LTM.  Our results are consistent with previous work on the influence of SET on 
episodic LTM encoding.   SET has been shown to impair free recall of words (Kirschbaum et al., 
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1996; Elzinga et al., 2005; Schwabe & Wolf, 2010), recognition of words (Schwabe & Wolf, 2010) 
and non-emotional and central details of a narrative (Payne et al., 2006), though there are studies 
where no effects have been found (Wolf et al., 2001; Luethi et al., 2008) and where enhancement 
of LTM has been identified (Luethi et al., 2008).  Overall, these results stand in contrast to studies 
that examined the impact of cortisol administration on episodic LTM encoding where increases in 
cortisol were associated with no change in recall and recognition of words (de Quervain et al., 
2000) or enhanced recall of words (Abercrombie et al., 2003), recall of IAPS images (Buchanan & 
Lovallo, 2001; Abercrombie et al., 2003), recognition of IAPS images (Buchanan & Lovallo, 
2001; Abercrombie et al., 2003; van Stegeren et al., 2009) and recognition of relational stimuli 
(Garfinkel et al., submitted). Other manipulations that arguably contain elements of social stress 
but are not fully characterized by SET, such as cold pressor tasks and marathon running, have 
yielded mixed findings on episodic LTM encoding. Cold pressor has led to enhanced recall 
(Schwabe et al., 2008) and recognition (Zoladz et al., 2011) for words and impaired recall for 
words (Zoladz et al., 2011) while marathon running has led to impaired recall for words (Eich & 
Metcalfe, 2009). 
        Our study also afforded the ability to investigate MTL dissociability during the encoding  
of relational and item memoranda.  Here, we found that relational memory, but not item memory, 
linked to activation of the PhC.  While there is evidence that implicates the hippocampus proper in 
the encoding of relational memory (Davachi, 2006; Staresina & Davachi, 2006; Chua et al., 2007), 
there is also evidence that implicates a role of the PhC in the encoding of information such as 
source (Davachi et al., 2003; Ranganath et al., 2004; Gold et al., 2006; Kensiger & Schacter, 
2006), location (Sommer et al., 2005), narrative (Hasson et al., 2008) and face-name associates 
(Kirwan & Stark, 2004).  Our region of PhC was lateralized to the right.  This finding is consistent 
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with other work (Kirwan & Stark, 2004; Kensiger & Schacter, 2006) and could be a function of 
visuospatial information inherent in the stimuli, the processing of which has before been linked to 
right PhC (Burgess et al., 2002; Henson, 2005; Sommer et al., 2005). 
Relational LTM activity was also found to relate to deactivation in bilateral vMPFC, 
consistent with other work showing that deactivation in this region has been linked to task-related 
activity (Greicius et al., 2003) and encoding in memory (Huijbers et al., 2011).  Specifically, 
Huijbers et al. (2011) showed that deactivation of the vMPFC related to memory encoding while 
activation of this region related to memory retrieval and activation of the hippocampal formation 
related to both memory phases, findings that are consistent with the present study.  Further, it has 
been hypothesized that deactivation of the vMPFC occurs during encoding when the task is 
externally vs. internally oriented (McKiernan et al, 2003; Wagner et al., 2005; Buckner et al., 
2008; Andrews-Hanna, 2011) as in the present study, though recent evidence has not supported 
such a distinction (Huijbers et al., 2011).   
Furthermore, group-level analysis revealed that SET subjects showed less deactivation in 
these regions than Controls, and that these regions were mediators of the relationship between SET 
and Relational LTM impairment.  Consistent with this finding, less deactivation in the vMPFC has 
been identified during psychological stress and working memory (Qin et al., 2009) and in PTSD on 
memory tasks (Garfinkel & Liberzon, 2009; Milad et al., 2009) and during anticipatory anxiety 
(Simpson et al., 2001).  We assessed relational LTM performance as a function of SET and of self-
report state anxiety.   We found that SET evoked more self-report anxiety than our control 
procedure and that those who experienced more anxiety performed less well on the relational LTM 
task.  These results have been observed elsewhere, where acute stress led to impaired performance 
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on verbal recall and where intrusive thoughts related negatively to performance, though anxiety as 
measured in this study did not relate to performance (Strawski et al., 2009).  
Less deactivation in the vMPFC by SET subjects may also be linked to more self-
referential processing.  Given the evaluative nature of SET, it could be that SET participants 
engaged in greater self-referential processing during the task.  Not only had the TSST immediately 
preceded the SEAT, but the instructions for the task indicated that it was a test of social 
competence which maintained the SET environment and greater post-TSST rumination has been 
reported elsewhere (Zoccola et al., 2008). Self-referential processing has also been linked to 
activity of the vMPFC where specifically the region has been shown to code for the self-relevance 
of a trait adjective (Kelley et al., 2002) and the extent to which a trait adjective is considered self-
relevant (Moran et al., 2006).    
Further, the vMPFC finding may relate to DN activity as this region has been shown to 
deactivate in response to an externally-oriented task.  Consistent with this idea, neuropsychological 
evidence shows that individuals with depression (Sheline et al., 2009), Attention Deficit 
Hyperactivity Disorder (ADHD) (Sonuga-Burke & Castellanos, 2007), Alzheimer’s Disease  (AD) 
(Lustig et al., 2003) disengage the DN to a lesser extent than healthy individuals during an 
externally-oriented task, as those with depression engage in more rumination or self-focused 
thoughts (depression) and those with ADHD and AD have may difficulty directing attention away 
from self-focused thoughts and keeping focus on the external task.  It is possible that participants in 
the SET group either had more self-focused thoughts or had difficulty inhibiting them during the 
SEAT.  
One potential alternative explanation of our findings should be noted.  We have interpreted 
our findings to indicate that SET impairs relational memory encoding.  However, it is possible that 
50 
 
SET does not alter memory encoding, but rather, attention.  Perhaps SET induced a bias toward 
attending to items in the composite images as opposed to the whole image. We find this alternative 
explanation to be unlikely in light of a few lines of evidence.  First, there was no difference in RT 
during encoding among the SET and Control groups, indicating that the groups looked at the 
images for an equal amount of time.  Second, there was no difference among groups on Item LTM, 
indicating that the groups encoded the items from the images equally.  Finally, examination of the 
Face/Place localizer imaging data revealed that the Control subjects activated the PhC more than 
the SET subjects, but there was no difference in activity among groups in the fusiform gyrus.  To 
establish that there had been a performance-enhancing bias toward relational stimuli for the 
Control group, more activity would have been predicted in both the fusiform gyrus and the PhC in 
the Control group.  
There are some limitations to our study.  First, our results may not be in line with previous 
work due to our analysis approach. This study could not utilize a standard subsequent memory 
(e.g. Remember vs. Forgotten) approach, one that relies on the unique presentation of each 
stimulus during scanning, since each stimulus from the task was viewed 3 times during scanning.  
Second, mood-congruency effects may have been at work in our study.  Control subjects encoded 
and retrieved memoranda in the same mood state whereas SET participants encoded memoranda in 
a stressed state, but retrieved them in a neutral state.  Although memory impairments have been 
shown when encoding and retrieval states differ (Robinson & Rollings, 2011), it is unlikely that 
mood congruency played a role in this study due to the fact that SET led to impairment in 
Relational memory but not Item memory. 
Finally, it is of interest to note that relational LTM was better on average across all subjects 
relative to item LTM.  This might be expected given that the stimuli presented during scanning 
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were in the relational form, the exact form presented in the relational LTM task.  It could be that 
recognition of relational information was supported by additional cognitive processes, such as 
perceptual implicit memory, a form of memory that has been shown to last up to one year (Tulving 




Taken together, the findings from our study are consistent with previous work showing 
impairment of LTM for information encoded under SET (Kirschbaum et al., 1996; Elzinga et al., 
2005; Schwabe & Wolf, 2010), PhC activation during relational LTM encoding  (Davachi et al., 
2003; Kirwan & Stark, 2004; Ranganath et al., 2004; Sommer et al., 2005; Gold et al., 2006; 
Kensiger & Schacter, 2006; Hasson et al., 2008) and deactivation of the MTL with stress (de 
Quervain et al., 2003; Oei et al., 2007; Preussner et al., 2008).  We extend this work to show for 
the first time that relational LTM impairment under SET is dependent upon the PhC and the 
vMPFC.  This work may have relevance to important stress-related psychiatric disorders such as 
depression and PTSD where relational LTM and the MTL have been identified as targets of 
























Working memory (WM) is a core component of many important cognitive capabilities. 
There is evidence that stress may impair WM, perhaps contributing to other stress-related effects 
on cognitive control and decision making. We investigated brain mechanisms that mediate effects 
of a potent laboratory stressor – social evaluative threat (SET) – on WM performance, using fMRI 
during performance on the N-back WM task.  SET induced widespread reductions in activation 
during N-back performance in a number of WM-related regions. Better WM performance was 
generally associated with increases in inferior prefrontal cortex, intraparietal sulcus, and inferior 
parietal cortices, and with deactivation in several areas in the “default mode” network. In a formal 
mediation test, only reduced activity in bilateral intraparietal sulcus mediated the observed 
impairments in WM performance with stress. Cortisol responses to the stressor did not mediate 
WM impairment, and was in fact associated with protective effects. These results suggest that 
acute stress can have adverse effects on WM that are not mediated by increased cortisol, and in line 





Working memory (WM) is a set of processes that store and manipulate information 
(Daneman & Carpenter, 1980; Smith & Jonides, 1999; D'Esposito et al., 2000; Baddeley, 2003). It 
is a core component of several higher-level cognitive processes, including learning, language, 
planning, problem-solving, mental arithmetic and decision-making, and WM performance 
correlates strongly with general fluid intelligence (Daneman and Carpenter; 1980; Engle et al., 
1999; Conway et al., 2003; Gray et al., 2003). WM is impaired in psychiatric and neurological 
disorders (e.g. Barch & Smith, 2008), and it can be undermined by stress (Al'Absi et al., 2002; 
Elzinga & Roelofs, 2005; Oei et al., 2006; Luethi et al., 2008; Schoofs et al., 2008), raising the 
possibility that stressors may impair cognitive control (Liston et al., 2009) and decision-making 
(Kassam et al., 2009) in critical situations.  Understanding the brain mechanisms through which 
stress impairs WM may offer insight into cognitive impairments in human psychopathology and 
adaptive vs. impaired decision making in the context of challenge.   
One common and pervasive type of stressor that may be able to impair WM is social 
evaluative threat (SET), which has been extensively studied in the laboratory through a 
speaking/math challenge under scrutiny without feedback (Kirschbaum et al., 1993).  The most 
commonly used SET paradigm is the Trier Social Stress Test (TSST), which elicits subjective 
distress and robust autonomic and endocrine stress responses (Dickerson & Kemeny, 2004).  It 
also appears to undermine WM performance (Al'Absi et al., 2002; Elzinga & Roelofs, 2005; Oei et 
al., 2006; Luethi et al., 2008; Schoofs et al., 2008), though results have been somewhat inconsistent 
(Weerda et al., 2010).  
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Recent work has begun to dissect the neural pathways through which psychosocial stress 
impacts WM.  WM tasks consistently activate a fronto-parietal network (Smith & Jonides, 1999; 
Honey et al., 2002; Wager & Smith, 2003; Owen et al., 2005; Champod & Petrides, 2010), and 
numerous extant stress-WM studies implicate the role of the PFC, thought in part to be due to its 
sensitivity to changes in circulating catecholamines and glucocorticoids.  In animal models, high 
levels of catecholamine activity, such as dopamine, in the lateral prefrontal cortex (LPFC) during 
stress impair higher cognitive functions.  WM is impaired by noise stress in nonhuman primates, 
but is spared when dopamine blockers are administered (Arnsten et al., 1998) and boosting 
prefrontal dopamine with beta-carbolines impairs WM in the rat (Murphy et al., 1996) (for review, 
see Arnsten, 2009). Recent human neuroimaging studies report mixed results, with both stress-
induced increases (Porcelli et al., 2008; Weerda et al., 2010) and decreases (Qin et al., 2009) in 
LPFC activity.   
One difficulty in the aforementioned neuroimaging studies is that none of them have 
reported compelling changes in WM performance with stress and none have reported correlations 
between brain activity and WM performance.   While the PFC likely plays a role in the stress 
effects, it could be that other regions in the network mediate the behavioral effects due to both 
anatomical and functional connections to the PFC. This hypothesis is consistent with the idea that 
stress disrupts connectivity in the fronto-parietal network (Liston et al., 2009).  One such candidate 
region is the intraparietal sulcus (IPS), a region that likely subserves attentional processes in WM.  
Indeed, in numerous studies, it was been linked to attentional processes both within (Lepsien et al., 
2005; Mayer et al., 2007; Bledowski et al., 2009) and outside of (Kastner et al., 1999; Wager et al., 




For convincing evidence that changes in frontal-parietal regions mediate stress effects on 
WM, four conditions should hold. First, stress should alter WM performance. Second, stress 
should change activity in the region of interest. Third, brain activity should predict WM 
performance, controlling for stress. And fourth, the stress effects on the brain and brain-WM 
performance relationships should be non-additive; i.e., the effect of brain activity should formally 
mediate the stress-WM relationship. These criteria comprise the effects tested in a formal 
mediation analysis (Baron & Kenny, 1986; MacKinnon & Fairchild, 2007). 
The present study was designed to directly investigate the brain mediators of stress effects 
on WM using a formal mediation modeling approach. We manipulated SET using a public 
speaking and math challenge modeled closely after the TSST (Kirschbaum et al., 1993). We 
measured the effects of SET vs. a matched control group on subsequent performance and fMRI 
activity during a verbal N-back WM task (Cohen et al., 1997; Gray et al., 2003).  In brief, this task 
involved alternating blocks of 2- and 3-back tasks with lure trials (Figure 4.1A). Using an 
approach we have termed Mediation Effect Parametric Mapping (MEPM) (Wager et al., 2008; 
2009b; Atlas et al., 2010), we searched for brain regions that satisfied statistical criteria for each of 
the effects described above and thus formally mediated the relationship between SET and WM 
performance. 
A second important question concerns the role of “stress hormones”, and specifically the 
main down-stream stress mediator cortisol, in causing alterations in WM performance and 
underlying neurocircuitry. Impairments in WM due to stress are often attributed to the adverse 
effects of glucocorticoid and catecholamine release on PFC function (Arnsten, 2009). 
Administration of high levels of cortisol can impair WM (Lupien et al., 1999; Young et al., 1999), 
though this perhaps requires concomitant adrenergic activation (Roozendaal et al., 2004; Elzinga 
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and Roelofs, 2005).   Neuroimaging studies investigating cortisol effects on the brain have shown 
an inverse relationship between cortisol and medial PFC activity (Kern et al., 2008; Pruessner et 
al., 2008) and ACC activity (Pruessner et al., 2008), but others have found positive relationships 
between cortisol and PFC activity (Wang et al., 2005a; Qin et al., 2009). Thus, normal cortisol 
release in response to stressors may be part of an adaptive response that maintains cognitive 
performance (Henckens et al., 2011). To address this question, we tested whether cortisol 






Figure 4.1. N-back Trial Schematic and Behavioral Results.  A)  N-back trial schematic for a 3-
back trial.  Subjects indicated whether each word matched the word seen 3 trials ago with a   “yes” 
or “no” response.  B) The SET Group was impaired on A-prime overall and when assessed as a 
function of lure or nonlure.  C) The SET Group was impaired on the composite behavioral 
measure, WM performance.  D) Percent change in cortisol related positively to WM performance 
in the SET group, but not the Control group.  Note that the light gray line representing the Control 
group extends beyond the cluster of data points; that is, its slope may not be accurate past the right-






Participants.  Participants (n = 21; mean age = 22.24 (4.24) years) were healthy, right-handed, 
native English speakers, having normal or corrected vision. The participants were the same 
individuals who participated in the SEAT-LTM study found in Chapter 3, except that an additional 
SET participant was included. Like the previous study, two groups were included in the present 
one: SET (n=10, 5 females) and Control (n=11, 5 females). All inclusion/exclusion criteria can be 
found in Chapter 3.   Due to technical failure, N-back behavioral data from 8 full and 2 half-runs 
were not recorded. Salivary cortisol samples from the additional SET participant were not usable 
and therefore were excluded, leaving n = 9 (5 females) for all cortisol analyses involving the SET 
group. The Institutional Review Board of Columbia University approved the experimental 
protocol, and all participants gave written informed consent. At the end of the scanning session (to 
be described below) participants were fully debriefed.  
Study Procedure.  The entire experiment was comprised of a practice session, scanning session, 
and a long term memory session, taking place on 3 consecutive days. All sessions were conducted 
in the afternoon to control for diurnal variations of cortisol.  During the practice session, subjects 
performed the N-back task until they reached a performance criterion of 70% correct. This 
criterion was applied in an effort to reduce pre-existing inter-individual differences in WM.  The 
scanning session is identical to that in Chapter 3.  
Maintaining SET.  Following the SEAT task, subjects reviewed instructions for the N-back task.  
To continue maintaining a SET environment following the SEAT task for the SET group, the 
following occurred: 1) the N-back task was introduced as a measure that was predictive of IQ and 
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professional achievements, 2) participants were told that persons with an average IQ should be able 
to score easily in at least the 60th percentile on the N-back task and 3) after each N-back run, sham 
feedback indicating inferior performance was presented.  
Verbal N-back.  The N-back task was administered over 4 scanning runs, each with intermixed 
blocks of 2-back and 3-back trials.  A run consisted of 9 blocks, and blocks were presented in 
ABBA or BAAB order, interspersed by 25 seconds of resting fixation.  In total, 18 blocks of 2-
back and 18 blocks of 3-back were administered. Each block started with an N-back instruction 
(either 2-back or 3-back) followed by 10 N-back trials. There were three types of trials: 1) target, 
2) lure (non-target) and 3) non-lure (non-target). Lure trials were included as WM involves both 
maintenance and control processes (Baddeley, 2003) and thus specifically challenge attentional 
control, since the tendency to make a target response based on familiarity or recency is more 
prepotent (Jonides et al., 1998; Gray et al., 2003) . In a 2-back block, lure trials consisted of a 3- 
and 4-back match. In a 3-back block, lure trials consisted of a 2- and 4-back match. 
In each trial, a word was presented for 2 s followed by an ISI fixation cross for 1 s. 
Subjects were instructed to respond as quickly and accurately as possible to each word with a 
button press indicating, “yes”, this word matches the word presented n-trials ago (a target 
response) or “no”, this word does not match the one presented n-trials ago (a non-target response). 
In total 360 trials were presented. The first three trials of each block were not included in the 
analysis. For the remaining trials, the probability of targets was set to 42% and the probability of 
lures and non-lures each was set to 29%. 
Words for this task were selected from the MRC Psycholinguistic Database 
(http://www.psych.rl.ac.uk/MRC_Psych_Db.html), contained maximally three syllables, and were 
all defined as relatively familiar, easy to imagine, concrete, and acquired at a young age. The task 
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was administered with E-Prime software (Psychology Software Tools Inc.) through LCD goggles. 
Responses were recorded by a MR-compatible button box.  
Salivary Cortisol and Mood Measures.  Methods regarding collection of salivary cortisol and 
subjective ratings of mood can be found in Chapter 3.  Briefly, saliva samples were taken for 
cortisol assessment as a measure of HPA-axis activity using Salivettes (Sarstedt, Nuembrecht, 
Germany). Along with each sample, subjects were asked to fill out a subset (alertness, excitement 
and anxiety) of the Positive and Negative Affect Scale (PANAS) (Watson et al., 1988).  
N-back Data Analysis. Accuracy data were converted into a unit of sensitivity, A-prime (Zhang & 
Mueller, 2005).  RTs that were less than 200 ms or 3 standard deviations above or below the mean 
were excluded.  Time out trials were excluded from the analysis for both accuracy and RT 
variables1. To create a single, composite measure of WM performance, we combined A-prime and 
RT by employing principle components analysis (PCA). The analysis yielded 4 components, and 
the first loaded positively on A-prime and negatively on RT.  Thus, the higher the value of this 
component, the better the performance as it indicates higher accuracy and shorter RTs.  All 
subsequent analyses utilizing the composite behavioral measure, WM performance, utilized values 
from this component. 
FMRI Data Acquisition and Analysis. Details on data acquisition and preprocessing can be 
found in Chapter 3.   For analysis at the first level, we estimated models as a function of trial type 
(2-back targets, 2-back lures, 2-back non-lures, 3-back targets, 3-back lures, 3-back non-lures and 
start trials) convolved with the standard canonical hemodynamic response function. Also, the six 
standard head-movement related estimates from realignment (x, y, and z translation, roll, pitch and 
yaw) were included as nuisance regressors.  A high-pass filter using a cut-off of 1/160 Hz was 
specified. Given our interest in SET effects on overall WM performance the contrast of primary 
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interest was the assembly of targets, lures and non-lures versus rest ([N-back – Rest]). Also, we 
included both accurate and error trials in the imaging analysis, since A-prime, part of the 
behavioral composite measure (i.e. WM performance), was based on both kinds of trials.  
For analysis at the second-level, we utilized the mediation analysis toolbox in order to 
implement Mediation Effect Parametric Mapping (MEPM) (Atlas et al., 2010; Wager et al., 2008; 
Wager et al., 2009b), that follows standard mediation logic (Baron & Kenny, 1986). To answer our 
main question, we entered Group into the model as the predictor X (SET=1, Control = -1), the 
behavioral composite measure, WM performance, as Y, and the [N-back – Rest] contrast as M 
(Figure 4.2). With this multi-level path-model, the following voxel-wise effects were tested: 1) 
WM-related neuronal changes in response to the SET manipulation (path a), 2) neuronal activity 
related to overall WM performance, controlling for group (path b) and 3) the mediation effect, 
indicative of brain regions mediating the relationship between SET and performance (path a*b). As 
we expected SET-related WM impairment, it followed that mediators should be negative: either 
SET reduces activity (negative path a) in regions that generally aid performance (positive path b), 
or the other way around. Unless otherwise noted, a threshold of p < 0.005, uncorrected, with an 











WM Performance.  SET impaired N-back performance, significantly reducing accuracy and 
prolonging reaction time (RT), replicating previous findings of SET effects on N-back 
performance (Schoofs et al., 2008) (analyses are detailed in Appendix 4.1).  SET-related WM 
impairment was evident in A-prime; that is, SET reduced discrimination of targets from lures (t19 = 
-2.50, p = .02), nonlures (t19 = -2.54, p = .02), plus lures and nonlures combined (t19 = -2.65, p = 
.02) (Figure 4.1B).  Finally, SET-related impairment was evident in the composite measure, WM 
performance (t19 = -3.98, p < 0.001) (Figure 4.1C). Analysis of the practice task revealed that there 
were no baseline differences among groups on accuracy or reaction time. 
Physiological and Subjective Measurement of SET. Salivary cortisol data and subjective affect 
ratings were reported and described in Chapter 3 (see also Figure 3.2).  To test whether change in 
cortisol predicted WM performance as a function of group, we regressed WM performance on 
Group, percent change in cortisol (i.e. change between Pre-Speech-Prep and Pre-N-back time 
Figure 4.2.  Mediation Path Diagram.  This is a voxel-wise analysis that searched for brain activity 
that formally explained the relationship between Group and WM Performance. 
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points), and their interaction.  As expected, Group predicted WM performance (t18 = -5.34, p < 
.001, two-tailed).  However, no relationship was found between cortisol and WM performance (t18 
= .30, p = n.s.). Finally, and critically, the interaction between group and cortisol was marginally 
predictive of performance (t18 = 1.83, p = 0.086, two-tailed), suggesting a stronger positive 
cortisol-performance relationship in the SET group than Control group. Separate correlations 
revealed that cortisol related positively to performance in the SET group (r = .714, p = 0.031), but 
did not relate to performance in the Control group  (r = -.280, p = n.s.) (Figure 4.1D).    
Brain Mediators of SET effects on WM Performance. Maps of path a effects showed that SET, 
compared with the Control Group, induced widespread decreases in WM-related areas, including 
dorsolateral prefrontal cortex (dLPFC), anterior cingulate cortex (ACC), inferior frontal gyrus 
(IFG), parietal cortex including bilateral intraparietal sulcus (IPS), and cerebellum. SET relatively 
increased N-back related activity in ventromedial prefrontal cortex (vMPFC), inferior temporal 
gyrus, and lateral occipital cortex  (Table 4.1).  
Maps of path b effects revealed positive relationships between brain activity and WM 
performance in regions associated with WM including bilateral IPS, superior temporal gyrus, 
supramarginal gyrus, ACC and cerebellum.  Negative relationships were found in several regions 
of the Default Network (DN) including dorsal medial prefrontal cortex (dMPFC), frontal pole, 
precuneus/posterior cingulate cortex/ (PCN/PCC) and temporal parietal junction (TPJ) (Table 4.2).  
Finally, maps of the path a*b effect showed negative mediation in bilateral IPS. The 
negative mediation was a result of negative path a and positive path b effects  (Figure 4.3).  This 
analysis additionally revealed three positive mediators: dMPFC, PCN/PCC and TPJ, with each 
being a result of negative path a effects and negative path b effects (Figure 4.4). Statistical details 
can be found in Table 4.3. 
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Figure 4.3. Negative Brain Mediators of the Group and WM Performance Relationship. Deactivation in 
bilateral intraparietal sulcus (IPS) mediates the relationship between Group and WM performance, suggesting that 
less activity in this region underlies SET-related WM impairment.  a) Mediation path model showing path 
coefficients (SEM) for each region and (below) scatterplot data for each region. The IPS has been implicated in 
studies of both WM and attention.  For instance, IPS b) activates during rehearsal to a spatial location (Corbetta et 
al., 2002, figure reprint, Corbetta & Shulman, 2002), c) activates when attention is directed to a spatial location 
where the presentation of a stimulus is expected in the absence of visual information (Kastner et al., 1999) and d) 
modulates sensory areas in a visual attention task, consistent with other work implicating it in top-down attention 











The goal of this study was to provide a direct link between WM performance and brain 
activity during SET. As of the extant studies, none to our knowledge have characterized neural 
activity that relates to WM impairment, and none have directly linked neural activity to behavior. 
First, behaviorally, we have shown an impairment in WM performance, replicating previous work 
(Al'Absi et al., 2002; Elzinga & Roelofs, 2005; Oei et al., 2006; Luethi et al., 2008; Schoofs et al., 
2008).  Second, using MEPM, we have shown that SET induced widespread deactivations in many 
WM areas including a fronto-parietal circuit and that several brain regions from this circuit were 
predictive of WM performance.  Third, and critical to the research question at hand, it was 
pronounced deactivation of bilateral IPS that explained WM impairment with SET.   
Figure 4.4. Positive Brain Mediators of the Group and WM Performance Relationship.  The 
right dorsomedial prefrontal cortex (dMPFC), right precuneus cortex/posterior cingulate cortex 
(PCN/PCC) and right temporal parietal junction (TPJ) mediate the relationship between Group and 
WM performance due to negative path a and path b coefficients. Given that SET subjects show 
WM impairment, this suggests a compensatory mechanism for SET subjects.  R = right. 
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IPS is a consistent WM region, activating in tasks that require both passive storage and 
executive processes (Wager & Smith, 2004).  Additionally, its role in WM capacity (WMC) has 
been demonstrated, characterized by a linear relationship between the number of objects held in 
memory and activity before reaching a plateau at capacity limit  (Todd & Marois, 2004; Vogel & 
Machizawa, 2004; Chee & Chuah, 2007) and by a linear relationship between WMC and activity 
(Vogel & Machizawa, 2004). Also, the IPS has been strongly linked to attentional processes (see 
Figure 4.3b-d), and there is evidence suggesting that IPS may subserve attentional processes 
within WM. For example, the focus of attention (Bledowski et al., 2009) and the orienting of 
spatial attention (Lepsien et al., 2005) in WM tasks rely on activity in the posterior parietal cortex.   
Furthermore, chronic social stress has been shown to result in impairment of attentional control, an 
impairment that was linked to the disruption of a frontal-parietal circuit including dorsal posterior 
parietal cortex (Liston et al., 2009). In line with these findings, our results suggest that a basic 
attentional component of WM may be particularly vulnerable to SET conditions.  
Positive mediation was found in the dMPFC, PCN/PCC and the TPJ.  The dMPFC and 
PCN/PCC are part of the DN (Andrews-Hanna, 2011), which disengages during cognitive tasks. 
The role of the TPJ in WM is of particular interest.  Todd et al. (2005) showed that the magnitude 
of TPJ deactivation was inversely related with WM load, and Anticevic et al. (2010) demonstrated 
that deactivation of both the DN and the TPJ predicted better WM performance. Consistent with 
this work, we found that deactivation in DN regions and the TPJ related to better WM 
performance, irrespective of group.  Additionally, we found that the SET group showed greater 
deactivation in these regions, possibly reflecting attempts to protect the contents of WM in the face 
of SET. Though a compensatory mechanism may have been involved, the SET group nonetheless 
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showed impairment in WM.  This suggests that the influence of the negative mediator, bilateral 
IPS, outweighed that of the positive ones.  
A second aim of this study was to characterize the role of cortisol.   We found that within 
the SET group, higher cortisol levels were associated with better WM performance, consistent with 
previous work (Oei et al., 2009; Henckens et al., 2011).  An underlying mechanism may involve 
the glucocorticoid receptor (GR).   Recently it was shown that stress-related WM enhancement was 
linked to increased glutamate receptor surface expression and the potentiation of excitatory 
synaptic currents in PFC pyramidal neurons, effects mediated by cortisol binding at the level of the 
glucocorticoid receptor (GR) (Yuen et al., 2009). Additionally, cortisol has been linked to 
protective effects in other areas:  cortisol can reduce panic symptoms (Vasa et al., 2009), enhance 
mood (Het and Wolf, 2007), and enhance explicit long term memory (Lupien et al., 2002; 
Garfinkel et al., submitted).   
Our study has some potential limitations. First, although our results suggest that an 
attentional component of WM subserved by bilateral IPS, rather than encoding, rehearsal or other 
components of WM, mediated SET-effects on WM performance, it should be kept in mind that our 
study was not explicitly designed to disentangle separate WM components. Second, our imaging 
analysis collapsed over the three N-back trial types:  target, lure and nonlure.  It could be that our 
results were driven by one of these trial types, but our analysis limits us to examining the effect of 
all trial types combined.  Third, our cortisol results should be interpreted with caution as cortisol 
responders were only a small subset of our SET group. The absence of a pronounced cortisol 
response in some of our subjects could originate from specific trait characteristics. For example, 
cortisol dysregulation to laboratory stressors has been found in patients with depression and a 
number of other disorders. To our knowledge, all of our subjects were healthy. They were screened 
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for disorders that can affect the endocrine system and did not differ from control subjects on a 
range of personality questionnaires, like the Beck Depression Inventory (Beck et al., 1996).  
In sum, WM is at the core of many cognitive functions like language comprehension, 
planning and reasoning. Here we found that bilateral IPS mediated the detrimental effects of SET 
on WM, suggesting that an attentional component of WM is especially vulnerable to SET 
conditions.   The effect did not appear to be related to cortisol. Despite that cortisol seemed to 
serve a protective function on WM within the SET group, performance of the SET group overall 
was impaired, indicating that other elements of SET could have been the culprit. Thus, an 
important challenge for future research is understanding the functional neurobiology underlying 
SET effects on WM where SET-induced psychological effects can be disentangled from those 



























 Stress has profound and well-documented effects on physiological determinants of  
health and health outcomes in both animals and humans (Marmot, 2004; Sapolsky, 2005; 
McEwen, 2008).   The brain is considered the central organ of stress (McEwen, 2009), and it is in 
recent years that researchers have begun mapping the neural pathways that control peripheral 
physiology in humans, laying the groundwork for future mind-brain-body medicine (Lane & 
Wager, 2009).  Although at one time it was thought that stress elicited a nonspecific response 
(Selye, 1956), evidence now points to the idea that the brain and body respond differentially to 
various stressors (Herman et al., 2003; Dickerson et al., 2004a).  Stressors can vary from the 
physical to the psychological, and characterizing how specific stressors manifest in the brain and 
body is an open area of research. 
This thesis focused on the neural mechanisms of SET, a socio-psychological form of threat 
in humans and a construct that is rooted in the work on social threat in social hierarchies (Sapolsky, 
2003).  The idea is that in a species where social standing and support are core aspects of daily life, 
threats to a loss of social standing require the mobilization of energy resources in order to maintain 
them (Dickerson et al., 2004a).  In a seminal meta-analysis, Dickerson and Kemeny (2004) 
examined the characteristics of common forms of psychological stress and found that those with 
social evaluative elements plus aspects of motivated performance and uncontrollability were the 
ones that elicited the largest increases in cortisol.  Other studies have linked SET to responsivity of 
the immune system (Dickerson et al., 2009) and autonomic nervous system (Wager et al., 
2009a;2009b).    
Beyond the detailed findings discussed in Chapters 2-4, this thesis has three main findings 
that are potentially part of emerging theories: 1) the impairing effects of SET may not be due to 
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cortisol and 2) the DN region, vMPFC, plays a role in SET effects.  Each of these findings is 
discussed below. 
The Impairing Effects of SET May Not be Due to Cortisol 
The strongest line of evidence for this idea comes from Chapter 4 where it was found that 
cortisol in the SET group protected WM performance from impairment. Other recent studies of 
WM have found similar results (Oei et al., 2009; Yuen et al., 2009).  Consistent with Chapter 4, in 
Chapters 2 and 3, subjective anxiety, not cortisol, emerged as a critical variable.  In Chapter 2, 
FNE related to changes in anxiety and in Chapter 3, anxiety related negatively to LTM 
Performance.  Taken together, this may suggest that there is something crucial about anxiety, and 
perhaps even social anxiety, in neural changes related to SET. This also could explain, in part, the 
divergent findings among cortisol pharmacological challenge and psychological stress studies in 
the LTM literature as discussed in Chapter 3.  Future work could address the role of social anxiety 
in healthy subjects under SET. 
The DN Region, vMPFC, Plays a Role in SET Effects 
Few extant studies on psychological stress have characterized the role of the DN region, 
vMPFC.  In Chapter 2, left vMPFC was shown to have higher baseline CBF and less change from 
the baseline to SET blocks in High FNE subjects.  In Chapter 3, deactivation in bilateral vMPFC 
mediated the relationship between SET and LTM impairment.  In Chapter 4, though widespread 
deactivation was identified in SET subjects relative to Controls, one of the few regions that showed 
an increase in activation relative to Controls was the left vMPFC.  An internally vs. externally 
oriented task may be a critical distinction.  An internally guided task is one where the task at hand 
is self-focused or that requires internal/introspective thought whereas an externally guided task is 
one that does not relate to the self and requires that attention be allocated to external stimuli.  
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Largely based on studies of the DN, the vMPFC has been shown to activate during internally-
oriented tasks (e.g. LTM retrieval and self-referential processing) and to deactivate during 
externally-oriented tasks (e.g. LTM encoding and WM) (Andrews-Hanna, 2011) (though see 
Huijbers et al. (2011) for an exception).  In the present study, it could be that FNE-related elevated 
baseline (Chapter 2), less task deactivation in SET subjects (Chapter 3), and greater activation in 
SET subjects (Chapter 4) could be explained by greater DN activity.  This explanation is consistent 
with DN studies on aging (Persson et al., 2007), AD (Lustig et al., 2003) and depression (Sheline et 
al., 2009) and ideas that have been proposed on the role of the DN in ADHD (Sonuga-Barke & 
Castellanos, 2007).  In this work, an emerging idea is that the ability to appropriately disengage the 
DN is impaired in SET due to the inability to direct attention away from the self.  Future work 
could directly test whether DN connectivity changes with SET, whether self-referential processing 




1 Data were also analyzed with time out trials included.  Primary behavioral and neuroimaging 
results were unchanged by including these trials.  Furthermore, it was found that the SET and 






Trait scores and Subjective Ratings 
Sample FNE Trait Anxiety Anxiety  T1 Anxiety  T2 Anxiety  T3 Anxiety  T4  Relief  - Pre-Recov 
Low FNE 12 (5.55) 32.67 (6.00) 1.22 (0.44) 2.11 (.60) 2.11 (.60) 1.22 (.44) 2.56 (.88) 
High FNE 28.33 (10.69) 39.11 (8.42) 2.00 (1.00) 2.33 (1.00) 1.56 (.88) 1.44 (1.01) 3.44 (.53) 
All Subjects 20.17 (11.78) 35.89 (7.83) 1.61 (.85) 2.22 (.81) 1.83 (.79) 1.33 (.77) 3.00 (.84) 
 










Math Task Results 
Sample Max - Fun Max- Stress Sum - Fun Sum - Stress RT - Fun RT - Stress 
Low FNE 35.78 (22.71) 31.22 (28.54) 47.33 (16.06) 56.44 (20.94) 4414.79 (1643.01) 2282.57 (724.23) 
High FNE 33.78 (9.39) 26.11 (5.51) 39.22 (6.83) 52.44 (12.76) 5451.65 (1642.81) 2812.92 (868.43) 
All Subjects 34.78 (16.89) 28.67 (20.11) 43.28 (12.68) 54.44 (16.95) 4933.22 (1680.76) 2547.75 (822.31) 
 








Main Effects of Speech-Prep – Baseline-1 
 




(mm3)  Max Z 
Positive        
vMPFC Left -4 54 -16 76 608 6.08 
PAG Medial 0 -30 -14 43 344 5.06 
pg/sgACC Left -10 38 -6 22 176 4.83 
pgACC Right 12 46 4 32 256 5.63 
thalamus Left -10 -10 8 55 440 6.58 
        
Negative        
vMPFC Right 8 42 -12 60 480 5.10 
 
Note. MNI coordinates (x, y, z) are shown.  Sig. Voxels = the number of significant voxels at p < .005, one-tailed.   






Brain Regions Predicting Relational LTM Performance 
 
Name Side MNI Coordinates Sig. Voxels Vol. (mm3) Max Z Group Difference Group with Higher 
    x y z         Activity 
Increases          
Cerebellum Left -18 -68 -20 46 368 13.94 * Control 
Parahippocampal Gyrus Right 18 -30 -16 59 472 10.01 * Control 
Cerebellum Left -14 -52 -12 11 88 8.22 * Control 
Occipital Cortex Left -26 -84 8 67 536 9.73 * Control 
Insula Right 34 -8 8 8 64 13.46   
Precuneus/White Matter Left -28 -66 16 3 24 10.93   
          
Decreases          
vMPFC (pgACC)  Left -10 40 -6 157 1256 18.51 * SET 
vMPFC (pgACC) Right 8 48 -8 175 1400 14.26 * SET 
Precentral Gyrus Right 62 4 10 36 288 10.26 * SET 
Insula/White matter Left -28 -8 20 16 128 13.08   
Precentral Gyrus Right 64 0 24 33 264 9.21   
Middle Frontal Gyrus Left -40 20 40 58 464 11.61   
Supramarginal Gyrus Left -60 -42 42 20 160 9.39   
Postcentral Gyrus Right 42 -16 42 38 304 8.29 * SET 
Precentral Gyrus Right 30 -24 54 21 168 9.08 * SET 
Postcentral Gyrus Right 24 -38 58 110 880 9.61 * SET 
 
Note. Sig. Voxels = the number of significant voxels at p < .0005.  Vol. (mm3) = volume in mm3 significant at the same threshold. Max Z 







Brain Regions Predicting Item LTM Performance 
 
Name Side MNI Coordinates Sig. Voxels Vol. (mm3) Max Z Group Difference Group with Higher 
    x y z         Activity 
Increases          
Cerebellum Left -4 -52 -28 16 128 10.23   
Planum Polare Right 42 2 -26 7 56 9.34   
Middle Temporal Gyrus Left -56 -4 -20 9 72 12.99   
          
Decreases          
Orbital Frontal Cortex Left -24 36 -16 67 536 12.74   
Frontal Pole Right 14 58 8 4 32 17.97   
Postcentral Gyrus Right 28 -26 42 56 448 11.74   
Middle Frontal Gyrus Right 46 2 58 24 192 10.11   
Precentral Gyrus Left -8 -24 64 25 200 13.24 * SET 
 
Note. Sig. Voxels = the number of significant voxels at p < .0005.  Vol. (mm3) = volume in mm3 significant at the same threshold. Max Z 







Brain Regions Predicting Group (Path a) 
 
Name Side MNI Coordinates Sig. Voxels Vol (mm3) Max Z 
    x y z       
Increases        
Inferior Temporal Gyrus Right 48 -14 -38 29 232 5.99 
Inferior Temporal Gyrus Left -46 -14 -30 19 152 6.21 
Frontal Medial Cortex Left -8 48 -16 12 96 6.21 
Lateral Occipital Cortex Left -38 -90 28 9 72 6.11 
Frontal Operculum Cortex Left -36 18 12 6 48 6.19 
Frontal Pole Left -14 52 -14 5 40 6.00 
        
Decreases        
Precuneus Cortex Right 4 -50 6 24461 195688 7.98 
Superior Frontal Gyrus Left -10 22 46 1265 10120 7.91 
Temporal Pole Left -48 6 -14 1063 8504 6.82 
Inferior Frontal Gyrus Right 42 14 24 355 2840 6.22 
Middle Frontal Gyrus Right 38 14 52 274 2192 6.33 
Lateral Occipital Cortex Right 14 -86 28 212 1696 6.21 
Temporal Pole Right 54 14 -4 155 1240 6.26 
Middle Temporal Gyrus Right 44 -30 0 145 1160 6.21 
Middle Temporal Gyrus Left -62 -26 -4 125 1000 6.22 
Inferior Frontal Gyrus Left -44 8 24 121 968 6.21 
Frontal Pole Right 36 46 28 108 864 6.21 
Central Opercular Cortex Left -56 -16 16 95 760 6.68 
Middle Temporal Gyrus Right 58 -26 -14 92 736 6.22 
Frontal Pole Right 32 36 44 88 704 7.91 
Lateral Occipital Cortex Left -32 -84 42 70 560 6.21 
Lateral Occipital Cortex Left -44 -66 8 66 528 6.03 
Temporal Pole Right 32 16 -38 51 408 6.21 
Middle Frontal Gyrus Right 34 0 62 50 400 6.21 
Frontal Pole Right 50 44 -10 44 352 6.21 
Frontal Orbital Cortex Left -20 30 -18 40 320 6.22 
Frontal Orbital Cortex Right 46 26 -8 37 296 6.21 
Cerebellum Left -46 -72 -42 33 264 6.18 
Supplementary Motor Cortex Left -8 0 52 30 240 6.13 
Frontal Pole Right 8 58 -4 28 224 5.97 
Frontal Pole Right 28 56 -2 28 224 6.21 
Precentral Gyrus Right 30 -4 50 28 224 6.07 
Cerebellum Left -30 -32 -34 25 200 6.21 
Cingulate Gyrus Midline 0 32 4 23 184 6.22 
Middle Frontal Gyrus Left -44 30 34 23 184 6.21 
Precentral Gyrus Right 62 4 14 19 152 6.34 
Frontal Pole Left -32 44 36 18 144 6.21 
Planum Temporale Right 58 -28 14 16 128 6.21 
Temporal Fusiform Cortex Right 38 -22 -24 14 112 6.12 
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Cerebellum Right 34 -40 -32 11 88 6.12 
 
Note. Sig. Voxels = the number of significant voxels at p < .005.  Vol. (mm3) = volume in mm3 


































Brain Regions Predicting WM Performance Controlling for Group (Path b) 
 




(mm3) Max Z 
    x y z       
Increases        
Parietal Operculum Cortex Left -56 -32 24 324 2592 7.24 
Parahippocampal Gyrus Left -14 0 -32 112 896 6.21 
IPS (Superior Parietal Lobule) Right 26 -50 36 61 488 7.53 
Postcentral Gyrus Right 44 -34 62 60 480 6.21 
Temporal Fusiform Cortex Left -20 -46 -18 53 424 6.2 
IPS (Superior Parietal Lobule) Left -22 -56 42 53 424 7.32 
Planum Temporale Left -62 -14 2 52 416 6.21 
Central Opercular Cortex Right 46 4 4 44 352 6.21 
Paracingulate Cortex Left -14 22 32 40 320 6.21 
Supramarginal Gyrus Right 58 -34 36 38 304 6.18 
Cingulate Gyrus Midline 0 10 42 26 208 6.21 
Planum Polare Right 46 0 -12 25 200 6.18 
Superior Temporal Gyrus Right 70 -30 22 24 192 6.21 
Postcentral Gyrus Left -58 -8 28 21 168 6.09 
Cerebellum Right 38 -38 -36 14 112 6.22 
Cerebellum Right 48 -60 -32 12 96 6.46 
Precentral Gyrus Left -62 4 16 12 96 6.17 
Superior Frontal Gyrus Right 20 4 58 12 96 6.2 
Inferior Temporal Gyrus Left -44 -20 -26 9 72 5.86 
Supplementary Motor Cortex Left -14 0 52 9 72 5.88 
Cingulate Gyrus Right 24 -14 40 8 64 6.21 
Precentral Gyrus Right 58 8 6 6 48 5.52 
        
Decreases        
Lateral Occipital Cortex Right 50 -60 32 102 816 7.27 
Precuneus Cortex Right 12 -60 30 67 536 7.45 
Angular Gyrus Left -40 -54 22 62 496 6.21 
Lateral Occipital Cortex Right 42 -74 48 59 472 6.21 
Frontal Pole Right 22 60 6 44 352 6.21 
Postcentral Gyrus Right 46 -8 26 42 336 6.21 
Cingulate Gyrus Right 10 -34 26 42 336 6.75 
Superior Frontal Gyrus Right 2 34 48 19 152 6.25 
Middle Frontal Gyrus Right 38 20 58 14 112 6.38 
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Middle Temporal Gyrus Left -56 -30 -6 13 104 6.04 
Occipital Pole Right 18 -100 22 12 96 6.21 
Frontal Orbital Cortex Left -28 32 -22 8 64 6.15 
Occipital Pole Left -2 -94 26 6 48 5.56 
 
Note. Sig. Voxels = the number of significant voxels at p < .005.  Vol. (mm3) = volume in mm3 





Brain Mediators of the Relationship between Group and WM Performance (Path a*b) 
    
Path a  
(Group)  
Path b  (WM 
performance)  Mediation (a*b)  
Mediator  Side  x y z 
Sig. 
Voxels Vol (mm3)   Z p   Z p   Z p 
Positive                
Precuneus/PCC Right 12 -60 30 41 328  -3.72 0.000  -3.25 0.001  3.24 0.001 
TPJ (Angular Gyrus) Right 54 -58 30 16 128  -3.18 0.002  -3.01 0.003  2.90 0.004 
dMPFC (Superior Frontal Gyrus) Right 2 36 48 13 104  -3.42 0.001  -3.03 0.002  2.98 0.003 
                
Negative                
IPS (Superior Parietal Lobule) Right 28 -54 40 52 416  -3.56 0.000  3.20 0.001  -3.56 0.000 
IPS  Left -20 -50 40 11 88  -3.45 0.001  3.59 0.000  -3.18 0.002 
 
Note.   MNI coordinates (x, y, z) are shown.  Sig. Voxels = the number of significant voxels at p < .005.   
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Role and Gender differences. Accuracy data were submitted to a 2 x 2 x 3 mixed model 
ANOVA with the factors WORKLOAD (2-back, 3-back), GROUP (SET, Control) and TRIAL 
TYPE (Target, Lure, Nonlure).  Main effects for Workload (F1, 19  = 12.53, p = .002), Group (F1, 19  
= 8.02, p = .011) and Trial Type (F2, 38  = 31.87, p < .001) and interactions for Trial Type x Group 
(F2, 38  = 4.84, p = .013) and Trial Type x Workload (F2, 38  = 8.46, p = .001) were found.  Planned 
comparisons revealed that overall, participants performed better on the 2-back block than the 3-
back block (p = .002), that the SET group was impaired relative to the Control group (p = .011) 
and that accuracy was better on target trials relative to nonlure trails (p < .001) and lure trials 
relative to nonlure trials (p < .001), but that there was no difference between target and lure trials 
(p = .971).  Additional comparisons revealed that the SET group was impaired on the target trials 
(p = .011) and the lure trials (p = .036), but not the nonlure trials (p = .297), relative to Controls. 
 Finally, participants performed better in the 2-back blocks vs. the 3-back blocks on target (p < 
.001) and lure (p = .019), but not nonlure (p =. 372) trials (Figure A1A). 
RT data were submitted to the same 2 x 2 x 3 mixed model ANOVA as above.  Main 
effects for Workload (F1, 19  = 14.13, p  = .001), Group (F1, 19  = 10.52, p = .004) and Trial Type (F2, 
38 = 51.91, p < .001) were found.  A marginal interaction was also found for Trial Type x Workload 
(F2, 38 = 2.67, p = .082).  Planned comparisons revealed that overall, participants had faster RTs in 
the 2-back versus the 3-back block (p = .001), that the SET group was slower than the Control 
group (p = .004), that RT was slower on lure trials relative to target trials (p < .001) and nonlure 








Figure A1. N-back Behavioral Results.  SET subjects showed WM impairment on both A) 
accuracy and B) reaction time measures.  Specifically, SET subjects were less accurate and slower 
than Control subjects.  The effects on accuracy were driven by target and lure trials, but not nonlure 
trials. 
